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CHAPTER 1
OVERVIEW OF ADP-GLUCOSE PYROPHOSPHORYLASES AND 
POLYGLUCAN SYNTHESIS
Introduction
Alpha-1,4-polyglucans are produced by many organisms as an energy reserve for 
use in time of starvation. These polysaccharides have an advantage over monosaccharides
as an energy storage because they do not affect the osmotic pressure as greatly, thus 
allowing for vast accumulations of stored energy within a cell.  Glycogen and starch are 
ubiquitous in our surroundings. Many will be familiar with the starch filled potato tuber, 
or the ethanol derived from corn starch that goes into our gasoline. They also show their 
presence in more subtle ways. In bacteria such as Bacillus subtilis and Streptomyces 
coelicolor, glycogen synthesis has been associated with sporulation,1 and in 
Mycobacterium smegmatis, recycling of the glycogen during the cell's exponential 
growth phase was shown to be critical for growth.2 It can also be a more direct and 
troublesome virulence factor. As just one example, the glycogen produced by 
Streptococcus mutans has been associated with its ability to cause tooth decay.3 For these 
reasons, there has been extensive research into understanding the metabolic pathways 
involved with glycogen and starch synthesis.
Structurally, these polysaccharides take the form of glycogen in bacteria, and starch
1
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in plants, cyanobacteria, and archae. Glycogen and starch are similar in composition. 
They are both polymers primarily composed of glucose moieties linked together by α-1,4 
linkages (Figure  1), but they each have some distinct physical and chemical properties.4
In glycogen, chains of α-1,4-polyglucans link with other chains to form a branching
pattern. In mammals and yeast, glycogen synthesis requires a 'seed' of glycogenin, which 
is a self-glucosylating initiator protein, although no analogue of glycogen has been 
described in bacteria.4 Glycogen is a large (107 to 109 Da) and highly branched molecule. 
About every 10 to 14 residues of the polymer sees another chain of  α-1,4-polyglucans 
attached to it via an α-1,6-polyglucan link (Figure  1). While glycogen can be thought of 
as being a homogeneous structure, in that it is uniformly highly branched, starch is said to
exist in two states.  These are amylose and amylopectin. Amylose typically comprises 
about 20-30% of starch, with amylopectin making up the remaining bulk. Amylose is 
essentially unbranched, with all sugars linking by a  α-1,4 bond.  In amylopectin, about 1 
in 20 glucose moieties is branched in a manner similar to glycogen.  Since most of starch 
is unbranched, this can lead to a three-dimensional structure that is highly ordered.  
Consequently, starch is much less water soluble than glycogen. Branching in glycogen 
and amylopectin allows for greater access to the non-reducing ends and internal linkages 
by degrading enzymes. Enzymes like amylase and phosphorylase can act on multiple 
branches, thus allowing for the conversion of large polysaccharides into single units of 
glucose when energy is needed by the cell.4
Bacteria utilize ADP-Glucose (ADP-Glc) as the glucose moiety donor for the 
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synthesis of these polysaccharides, whereas UDP-Glucose (UDP-Glc) serves this role in 
yeast and mammals.4 The overall synthesis and degradation processes are similar (Figure 
2), although this paper will focus on bacterial and plant polysaccharides.
There are three general steps for the synthesis for glycogen and starch: (1) The 
synthesis of the glucosyl donor molecule (ADP-Glc) from the sugar phsophate and ATP, 
(2) transferal of the glucose moiety from ADP-Glc to an existing polysaccharide primer, 
(3) remodeling of the polysaccharide in the from of branching.
(1) ATP + α-Glc1P   ↔ ADP-Glc + PPi
(2) ADP-Glc +  α-1,4-glucan  ↔  α-1,4-glucosyl-α-1,4-glucan + ADP
(3) α-1,4-glucosyl-α-1,4-glucan ↔  α-1,4 – α-1,6 branched glucan
These steps are carried out by (1) ADP-glucose pyrophosphorylase, (2) glycogen 
and starch synthase, and (3) branching enzyme (Figure  2).1 A brief overview of these 
enzymes is described in the following sections (a more detailed analysis of the 
biochemical characterization of ADP-Glc PPase begins in the following sections).  
ADP-Glucose Pyrophosphorylase: A Critical Enzyme For Polyglucan Synthesis
ADP-Glucose Pyrophosphorylase (ATP: α-D-glucose 1-phosphate 
adenyltransferase, E.C. 2.7.7.27; ADP-Glc PPase) catalyzes the first committed step 
reaction towards glycogen synthesis in bacteria and starch synthesis in photosynthetic 
species. All known bacterial ADP-Glc PPases are homotetrameric (α4), with the exception
of organisms from the genus Bacillus, which exist as a α2β2 heterotetramer.  Plant ADP-
Glc PPases exist as α2β2 heterotetramers. Both subunit types are believed to derive from a
    4
Figure 1. Basic structure of glycogen and starch. The structure of glycogen or starch is 
shown, indicating the main-chain α-1,4-glycosidic bonds, with occasional α-1,6-
glycosidic bond branch points.
Figure 2. Overview of glycogen and starch synthesis pathways. Overview of glycogen 
and starch synthesis pathways  in bacteria, plants, and mammals.
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 common ancestor and share considerable structural similarities, but it is sometimes the 
case that just one subunit type is catalytic.1,5  The enzyme was first identified in 1962 by 
Espada, at the University of Buenos Aires, Argentina.6 The enzyme requires a divalent 
metal ion, such as Mg2+ or Mn2+. Although the enzyme catalyzes both the forward (ADP-
Glc synthesis) and reverse reactions (ATP and Glc1P formation) with relative equilibrium
values close to 1, the reaction is essentially irreversible in the forward direction, via Le 
Chatelier's Principle, in vivo. This is due to the presence of inorganic pyrophosphatases in
the cell which breaks down PPi into two component Pi. The reaction is further driven to 
the ADP-Glc synthesis direction because this compound gets used by glycogen or starch 
synthase for polymer production.1 
The fact that ADP-Glc PPase is the key regulator enzyme for both bacteria and 
plant glycogen and starch synthesis has been firmly established. Much of this evidence 
has come from studies on various mutants of ADP-Glc PPases in different organisms. For
instance, an E. coli with mutated ADP-Glc PPase was have an excess of 
Glycogen.7 Colonies of Salmonella enterica serovar Typhimurium with mutated ADP-Glc
PPase were also found to have altered levels of glycogen accumulation. A strain of E. 
coli that accumulates glycogen 3-4 fold more than WT was found to be expressing a 
R67A mutant of ADP-Glc PPase, 8 and mutations to Lys295 also yielded increased 
glycogen production. On the other hand, glycogen deficient mutants were found to have 
altered ADP-Glc PPases.9
Evidence also shows that starch synthesis, like glycogen synthesis, is also regulated
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by the activity of ADP-Glc PPase. Starch deficient mutants of Chlamydomonas 
reinhardtdii, a unicellular algae, were found to express an ADP-Glc PPase that was 
insensitive to allosteric activator and inhibitors.10  Starchless mutants of Arabidopsis 
thaliana were found to have altered ADP-Glc PPases.11 A single mutation in the maize 
ADP-Glc PPase was found to increase the size of the corn kernels,12 and a similar finding 
was found with an altered ADP-Glc PPase in wheat endosperm.13 Transfection of an up-
regulated E. coli ADP-Glc PPase (the G336D mutant) into potato tubers was found to 
increase starch production by up to 60%, which not only helped to show that ADP-Glc 
PPase is the rate limiting enzyme in starch synthesis, but it also demonstrated a novel 
means of genetically modifying an organism for increased crop yield.14
In summary, the cumulative results of many studies have firmly established the 
important (and rate-limiting) role of ADP-Glc PPase in bacterial glycogen and plant and 
starch synthesis. A more in-depth discussion on ADP-Glc PPases begins in following 
sections.
Bacterial Glycogen and Plant Starch Synthases
Once formed, ADP-Glc in bacteria and plants essentially only has one place to go, 
and that is towards the production of glycogen or starch. The incorporation of the glucose
moiety of ADP-Glc onto the non-reducing end of a growing α-1,4-linked polyglucan is 
performed by Glycogen Synthase in bacteria (ADP-Glc:α-1,4-glucan,4-
glucosyltransferase; E.C. 2.4.1.21; GS) and Starch Synthase in plants (ADP-Glc:α-1,4-
glucan,4-glucosyltransferase; E.C. 2.4.1.21; SS). Both GS and SS are unregulated 
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enzymes and use ADP-Glc exclusively as the glucosyl donor for polyglucan 
elongation.15–18 
Despite having only approximately 30% sequence similarity with each other, both 
GS and SS are believed to come from a common ancestor and have overall similar 
structure.  Each have molecular masses of approximately 50 kDa and form 
homodimers.15–18  They both have a glycosyltransferase-type B fold that consists of two 
distinct Rossmann-like β-α-β domains that are separated by a cleft. This cleft houses the 
ADP-Glc binding site (Figure  3). It is thought that the inactive state of the enzyme 
undergoes a a conformational shift when ADP-Glc binds, with the inter-domain cleft 
closing and, consequently, bringing together catalytic residues from each of the 
domains.19
Whereas in bacteria only one GS gene is present, two types are present in higher 
plant tissues. One form of the enzyme is bound to the starch granule and can only be 
solubilized by α-amylase digestion of the granule. This is known as Granule Bound 
Starch Synthase (GBSS). The other form is called soluble starch synthase (SSS) and is so 
named because it is found in the soluble fraction of plant extracts.20–24  Multiple forms of 
SSS and GBSS are present in plants. For instance, two main forms of SSS (SSS-1 and 
SSS-2) have been identified in maize.25 One form of the enzyme was active with or 
without any primer. Interestingly, when glycogen (from rabbit liver) was used as a primer,
it was nearly 4-fold more active than when amylopectin was used as a primer. With the 
other form of the enzyme, which has the requirement for a primer, it was nearly equally 
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active whether or not glycogen or amylopectin was used as primer. It was noted that 
extracts from early stages of plant development had more 'unprimed' activity compared to
extracts obtained from older plants, suggesting that the contribution from the two enzyme
forms changes as the plant develops. In particular, during the beginning stages of plant 
development when starch synthesis is in the 'lag' (i.e. early) stages, the form of the 
enzyme with unprimed activity predominates.25  
Branching Enzyme
In order to facilitate a more efficient degradation of glycogen or starch when 
glucose energy is needed, it is advantageous to have a branched rather than linear 
polyglucan. This is because glucose is only released from the terminal ends of these 
polyglucans (by the action of phosphorylase [EC 2.4.1.1], releasing Glc-1P).  Branching 
also increases the solubility and decreases the osmotic strength of these polyglucans. This
branching action is performed by branching enzyme (EC 2.4.1.18; α-1,4-α-D-glucan: α-
1,4-α-D-glucan 6 glycosyl-transferase; BE).26  The action of BE is shown in Figure  4. 
Essentially, once the growing chain has reached a certain length, seven units of glucose 
from the growing chain are transferred by BE to the 6-position of the preceding glucose 
(forming the  α-1,6 branching bond).  
Because starch and glycogen are branched at such different extents, it is thought 
that starch branching enzyme and glycogen branching enzyme have different specificity 
regarding branch transfer. In addition, only one BE enzyme is found in bacterial genomes
(glgB in E. coli), whereas more than two genes have been found in higher plants.20 For
    9
Figure 3. Crystal structure of WT E. coli glycogen synthase. Crystal structure of WT E. 
coli glycogen synthase in complex with ADP and glucose. ADP and glucose are shown in
stick format, with the remainder of the protein shown in cartoon representation. 
Figure 4. The action of branching enzyme.  Once the growing chain has reached a certain 
length, seven units of glucose from the growing chain are transferred by BE to the 6-
position of the preceding glucose (forming the  α-1,6 branching bond).  
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 instance, the potato plant is known to contain two forms of BE, called starch branching 
enzyme I (SBE-I) and starch branching enzyme II (SBE-II). Suppression of both SBE-I 
and II is required to generate amylose (which is unbranched) content of 50% (compared 
to 20-30% in WT).27 In maize, there exists an SBE-I and two forms of SBE-II (a and b 
types). Suppressing SBE-IIb yielded amylose contents of 50-90% amylose, but 
suppressing either SBE-I or IIa had no affect on amylose content.28 
Because the extent of branching in glycogen and starch affects certain properties of 
these polyglucans (for instance, solubility is affected, and more highly branched 
polyglucans can be broken down faster than unbranched ones), branching enzymes have 
been the target for research in applications the starch-processing industry.1,28–31
ADP-Glc PPase: Regulatory Enzyme for Glycogen and Starch Synthesis
As was mentioned, bacterial and plant ADP-Glc PPases are tetrameric. Specifically,
they are homotetrameric (α4) in bacterial organisms (with the exception of the Bacillus 
genus, of which some have been identified as heterotetrameric; α2β2), and 
heterotetrameric in unicellular algae and plants.  In α2β2 systems, it is often the case that 
just one subunit type is catalytic. Each subunit has a mass of approximately 50 kDa. In 
heterotetrameric ADP-Glc PPases, the α subunit is typically designated as the 'small' 
subunit, with the β subunit representing the larger mass subunit. The α subunit is usually 
the catalytic subunit, with the β subunit often being non-catalytic, but is thought to have a
role in modulating allosteric effects within the enzyme. In any one species that produces 
an α2β2-type ADP-Glc PPases, the sequence similarity between individual α  β subunits is 
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about 50% or greater, suggesting a common ancestor.  However, amongst different 
species that produce an α2β2-type ADP-Glc PPase, the small (α) subunit of higher plants 
is highly conserved, with about 85-90% sequence similarity, but that of β subunits is only
50-60%. Because the β subunit differs so greatly amongst different species, combined 
with the notion that it serves a regulatory role, it has been suggested that the β subunit is 
part of a specific allosteric tuning mechanism.1,5 That is to say, different species (living in 
different conditions) will adapt to their environment, and this comes in part from having a
unique β subunit. 
Classification of Different ADP-Glc PPases
Almost all studied ADP-Glc PPases are regulated allosterically by key 
intermediates of the main carbon assimilatory pathway that exist within that 
species.1,5  Activators of ADP-Glc PPases are indicators of an energy excess, and the 
opposite is true of enzyme inhibitors. For instance, the E. coli is activated by the glycotic 
intermediate FBP, and inhibited by AMP.  This coincides with the presence of ATP (the 
'hallmark' of a cell's energy status), which is one of the substrates for ADP-Glc synthesis. 
In can be concluded, therefore, that ADP-Glc PPase exerts maximal performance for 
polysaccharide synthesis when cellular energy and carbon are in excess.1 
The specificity for different allosteric activators and inhibitors has served as a basis
for classification of ADP-Glc PPases into nine (labeled I – IX) different classes. A 
summary of these are shown in Table 1.  
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Table 1. Classification of ADP-Glc PPases. Classification is based on structural 
properties, allosteric effectors, and the organism's main carbon metabolic pathways.
Glycogen Producing Class Activator Inhibitor
Prokaryotes
Escherichia coli Glycolysis I Fru-1,6-BP AMP
Salmonella enterica serovar   (Embden-
Typhimurium     Meyerhof-
Enterobacter aerogenes     pathway)
          
Aeromonas formicans Glycolysis II Fru-1,6-BP AMP, ADP
Micrococcus luteus   and Fru-6P
Mycobacterium smegmatis
          
Serratia marcescens Glycolysis III Unknown AMP
Enterobacter hafniae
Clostridium pasteurianum
         
Agrobacterium tumefaciens Entner- IV Pyruvate AMP, ADP
Arthrobacter viscosus  Doudoroff     and Fru-6P
Chromatium vinosum  (ED) pathway
Rhodobacter capsulata
Rhodomicrobium vannielii
       
Rhodobacter gelatinosa Glycolysis V Pyruvate, AMP, Pi
Rhodobacter globiformis    and     Fru-1,6-BP,
Rhodobacter sphaeroides ED pathway      and Fru-6P
Rhodocyclus purpureus
Rhodospipillum rubrum TCA cycle VI Pyruvate Unknown
Rhodospirillum tenue Reduc. carbox.
  acid cycle
        
Bacillus subtilis TCA cycle VII Unknown Unknown
Bacillus    (during 
   stearothermophillus    sporolation)
Streptomyces coelicor Glycolysis X Glc6P, Fru6P, NADPH
PEP
Main Carbon 
Utilization 
Pathway
Quatenary 
Structure
α4
α4
α4
α4
α4
α4
α2β2 
α4
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Table 1 (continued)
Class I enzymes are those from enteric bacteria, such as E. coli and S. enterica 
serovar Typhimurium. The predominant carbon assimilatory pathway for these organisms 
is glycolysis (the Embden-Meyerhof [EM] pathway). In these organisms, FBP is the 
primary activator (Figure  5), and AMP, a sign of low cellular energy, is the inhibitor.  
Class II ADP-Glc PPases also come from organisms that perform glycolysis, like 
Cyanobacteria 
Synechococcus sp. VIII 3-PGA Pi
Synechocystis sp.  photosynthesis
Anabaena sp. sp. Calvin cycle
Starch Producing
Eukaryotes
Green algae
Chlorella fusca VIII 3-PGA Pi
Chlorella vulgaris  photosynthesis
Chlamydomonas Calvin cycle 3-PGA Pi
   reinhardtii
Photosynthetic 
  tissues
Leaves of spinach, VIII 3-PGA Pi
                   wheat  photosynthesis
Calvin cycle
                     rice
Nonphotosynthetic
tissues
Potato tubers Catabolism of VIII 3-PGA Pi
Endosperm of maize,   sucrose (from IX Unknown* Pi, ADP
     barley and wheat   photosynthetic
  tissues)
* Although 3-PGA and Fru-6P are known to reverse the inhibitor's effects
O2 evolving α4
O2 evolving α2β2 
α2β2 
O2 evolving α2β2 
Arabidopsis, maize, 
α2β2 
α2β2 
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Aeromonas formicans and micrococcus luteus. However, these are activated by both Fru-
6P and FBP and inhibited by both AMP and ADP.  Class III enzymes, also from 
glycolytic species (like Serratia marcescens and Enterobacter hafniae) have no known 
activator, but are inhibited by AMP.  
The class IV ADP-Glc PPases are from species that perform the Entner-Doudoroff 
(ED) pathway in order to convert glucose to pyruvate (Figure  5) and include organisms 
such as A. tumefaciens. They are activated mainly by Fru-6P and pyruvate, and inhibited 
by AMP, ADP, and Pi.  Following this trend, organisms that utilize both the EM and ED 
pathways (class V enzymes) are activated by pyruvate, Fru-6P, and FBP. These are 
inhibited by AMP and Pi.  
Anaerobic bacteria, like Rhodospirrillum rubrum and R. tenue, are not able to 
catabolize glucose and instead grown on pyruvate, lactate, or CO2. ADP-Glc PPases from
these organisms mark the Class VI enzymes, and these are activated by pyruvate, but 
have no known inhibitor. 
ADP-Glc PPases from sporolating bacilli mark the class VII enzymes.  In order to 
survive hostile environments, these organisms synthesize glycogen during the early 
stages of sporulation. Here, the tricarboxylic acid (TCA) cycle is the main pathway for 
carbon utilization (fully metabolizing the products of glycolysis). In contrast to the Class 
I – VI enzymes, the ADP-Glc PPases of these organisms are  heterotetrameric enzymes 
(α2β2). 
ADP-Glc PPases belonging to VIII and IX are also heterotetrameric. Class VIII 
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enzymes come from photosynthetic cyanobacteria, algae, and higher plants, as well as 
some plant's non-photosynthetic tissues, like the potato tuber. 3-PGA, the intermediate 
product of the Calvin Cycle (aka the reductive pentose phosphate cycle, or C3 cycle)   
(Figure  6) is an activator.  Here, Pi is used to regenerate ATP through 
photophosphorylation during light conditions. ADP-Glc PPases from cyanobacteria and 
photosynthetic cells are regulated by the ratio of 3-PGA to inhibitor Pi. Interestingly, 
some of these ADP-Glc PPases are known to also be regulated by a redox mechanism 
(both in vitro and in vivo). These enzymes, like that from the potato tuber and 
Arabidopsis leaves, are able to form an inhibitory disulfide bond between the two small 
subunits via an N-terminal cysteine that is not conserved in bacterial or other plant ADP-
Glc PPases. Class IX enzymes come from some non-photosynthetic tissues of plants, like
the endosperm of maize and barley. Although no known activators have been identified 
for these enzymes, 3-PGA and Fru-6P reverse the effects of inhibitors.1,5 
Structure-Function Relationship: Background and Motivation for This Research
Obtaining the three-dimensional structure of an enzyme is a key step for structure-
function relationships that exist within the protein. However, it is interesting to note that 
the biochemical identity of enzymes was unknown until the early 1900's. At the time, 
there was no universally agreed theory as to what it was in living tissues that enabled 
enzymatic activity. While scientists had observed that enzymatic activity was associated 
with proteins, others argued that proteins did nothing; they were simply carriers for true 
enzymes, which, they believed, had yet to be discovered.32 
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Figure 5. Comparison of Entner-Doudoroff and  Embden-Meyerhof pathways. Overview 
and comparison of the Entner-Doudoroff and Embden-Meyerhof metabolic pathways.
Figure 6. Overview of the Calvin cycle. An overview of the Calvin cycle, also known as 
the light-independent reactions (Noting that the phrase 'Dark Reactions' is deprecated).
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It was not until proteins like urease and catalase were obtained at very high purity 
(by James B. Summer) in 1926 and 1937, respectively, that opinions began to change. 
Perhaps the most conclusive work came from John H. Northrop and Wendell M. Stanley, 
working at The Rockefeller Institute for Medical Research, who showed that enzymatic 
activity was observed with high purity pepsin, trypsin, and chymotrypsin. Summer, 
Northrop, and Stanley won the Nobel Prize in chemistry for this work in 1946.32
One of the first structures of a protein obtained through X-ray diffraction of high 
purity was lysozme, in 1965.33 In addition to the myoglobin enzyme, these results 
'catalyzed' the effort to understand how proteins work on the atomic level, and they 
initiated the field of structural biology which, some could argue, is still in its infancy.  
Although structure determines function, a novel enzyme's activity cannot yet be 
predicted from its structure alone.34 Furthermore, many proteins are averse to forming 
high quality crystals, thus precluding them from X-ray analysis. When protein science 
was in its infancy, a structural understanding of proteins was one dimension; that is, it 
was only understood in the context of its primary amino acid sequence.  For many 
proteins today, this is still the case.  However, tools are becoming increasingly available 
to extract more information from available data.
One such protein that has been recalcitrant towards protein crystallization is the E. 
coli ADP-Glc PPase.  This is unfortunate because the E. coli enzyme is a model ADP-Glc
PPase to study for allosterism. This is because it is tightly allosterically regulated, with 
substrate affinities and specific activity increasing by approximately 10- and 30- fold, 
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respectively.  (These changes are more dramatic than those seen in other ADP-Glc 
PPases35). While the primary structure of the protein can be used to identify secondary 
structure domains, it is impossible to predict a priori how these domains will fold into a 
defined tertiary structure.32
Firstly, it is necessary to point out that, when it comes to predicting protein 
structure, current knowledge builds upon prior knowledge.  Even with very pure, highly 
ordered crystals, and an advanced photon source with equally advanced sensors, this may
not be enough for the determination of protein structure. This was the case for the 
structural determination of the ADP-Glc PPase from A. tumefaciens.36 Pure protein 
crystals of the enzyme were obtained by researchers at the University of California Irvine
which diffracted well. Due to the mathematical complexity of solving a protein structure, 
it was beneficial to have a “starting point” for phase determination. At the time, the 
potato tuber ADP-Glc PPase structure had been solved. Initial predictions based on 
secondary structure alignments suggested that it and the A. tumefaciens ADP-Glc PPase 
should have similar structure. This is despite the fact that they had just ~30% sequence 
similarity.36,37 Indeed, it was very helpful in determining the crystal structure of the A. 
tumefaciens ADP-Glc PPase (Figure  7).36  One can go back even further and illustrate 
how the known structures of the N-acetylglucosamine 1-phosphate uridylyltransferase 
(GlmU) and two glucose-1-phosphate thymidylyltransferases (RmlA and RffH) were 
used to aid in the structure of the potato tuber ADP-Glc PPase, and so on.37
Solving of the A. tumefaciens ADP-Glc PPase was particularly important because it
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has a much higher sequence similarity to other bacterial ADP-Glc PPases. In fact, even 
though the E. coli ADP-Glc PPase seems to resist crystallization for structural 
determination through X-ray analysis, it shares ~50% sequence similarity with the A. 
tumefaciens enzyme. This meant that a high quality homology model of the E. coli 
enzyme could be built with the A. tumefaciens enzyme as a template.38 
ADP-Glc PPase: A Dimer of Dimers
ADP-Glc PPases are tetramers, although, as will be explained further in this report, 
it is sometimes convenient to speak of it as a dimer of dimers (Figure  8), with subunits A 
and B comprising one dimer, and C and D subunits making the other.  Each monomer is 
composed of distinct N-terminal and C-terminal domains. The C-terminal domain is 
characterized as a left handed parallel β-helix. The catalytic (N-terminal) domain is 
composed of a mostly parallel but mixed seven-stranded b sheet, surrounded by a helices 
(reminiscent of the dinucleotide-binding Rossmann fold (Figure  8)). Enteric and 
cyanobacterial enzymes are homotetrameric, whereas those of Firmicutes, unicellular 
algae, and higher plants are heterotetrameric.5 In the latter, the two subunit types have 
similar structure and share a common ancestry, although it is sometimes the case that just 
one subunit type is catalytic (with the non-catalytic type possibly having evolved to serve
a regulatory role).1,5
The Process of Learning More: Combining Mutagenic and Structural Data
A powerful means of understanding structure-function relationships that exist 
within an enzyme is to combine available structural data with experimental data, such as
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Figure 7.  Alignment of the potato tuber ADP-Glc PPases and the A. tumefaciens ADP-
Glc PPases.  The tuber enzyme is shown in red, and that of A. tumefaciens is shown in 
blue.
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Figure 8. Schematic of a typical ADP-Glc PPase. Bound ATP is shown in red spheres. 
The enzyme can be considered a dimer of dimers.  In this representation, subunits A and 
B form one dimer (shown in cartoon format) and subunits D and C (shown in surface 
format) make up the other dimer. 
    22
 site-directed mutagenesis or experiments involving covalent modifications to the 
enzyme, etc. One such early experiment involved the incubation of the E. coli ADP-Glc 
PPase with a reactive ATP analogue, 8-Azido-ATP. When this solution was irradiated 
with UV light, it was found that this analogue was covalently attached to Tyr114.39 In one
of the earliest site directed mutagenesis studies on ADP-Glc PPases involved this residue.
When Tyr114 was mutated to phenylalanine, the resulting mutant had significantly 
decreased ATP affinity and Vmax. It was also less sensitive to allosteric activation by 
FBP. These studies supported the notion that Tyr114 is involved with ATP binding, and it 
probably also plays a role in FBP derived allosteric activation.40 
Mutagenic studies have also revealed that a glycine rich region formed by residues 
18-23 in the A. tumefaciens ADP-Glc PPase (25-30 in the E. coli enzyme) are involved 
with ATP binding, specifically its phosphate group.41  Support from this latter statement 
also comes from the fact that secondary structure predictions show this region to form a 
'P-loop'-like structure (i.e, a glycine-rich loop that is preceded by a β-strand and followed 
by an α-helix). These are known to bind phosphate groups, notably those of nucleotides 
like ATP.42
Mutagenic studies on Lys195 of the E. coli enzyme revealed it to be important for 
binding Glc-1P.  Here, kinetic values for ATP, activator FBP, and Mg2+ were similar to 
the wild-type enzyme, but it displayed significantly decreased affinity for Glc-
1P.43 Interestingly, when the Lys198 of the small subunit of the potato tuber enzyme 
(homologous to the E. coli Lys195) was mutated, the resulting enzyme had similar 
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characteristics (i.e., diminished Glc-1P affinity). However, when the homologous residue 
of the large subunit (Lys213) was altered, the resulting mutants had a kinetic profile 
similar to the WT enzyme. This further supported the notion that in species with 
heterotetrameric forms of the enzyme, the small subunit is catalytic, while the large 
subunit serves a more regulatory role.44 
In addition to having decreased Glc1P and Fru16BP affinities, mutants of Asp276 
also had significantly diminished affinity for Mg2+. This could suggest that this residue is 
important for Mg2+ binding. Moreover,  the homologous residue in potato tuber ADP-Glc 
PPase (Asp280) has been proposed as the ion chelator.45 
Alanine, asparagine, and glutamate mutants of Asp142  all had specific activities 
that were up to 4 orders of magnitude lower than the WT enzyme. Apparent affinities for 
ligands ATP, Glc1P, Mg2+, and FBP were similar to WT, ruling out any specific role in 
ligand binding, but affirming it as playing a key role in enzyme catalysis.46 Similar results
were obtained when mutations were made to the potato tuber Asp145 residue. However, 
when the homologous residue of the large subunit (Asp160) was mutated,47 the response 
was muted, and this enzyme had a more WT-like profile. Again, this helps to further the 
notion that the small subunits of heterotetrameric enzymes is catalytic, while the large 
subunit serves more of a regulatory role.5
Allosteric Sites and Pathways in ADP-Glc PPases
Although the binding sites of ATP, Mg2+, and Glc1P in ADP-Glc PPases are 
established, the same cannot be said for the binding location of allosteric activators. It 
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was mentioned that mutations to some residues (described above) yielded enzymes with 
profiles characterized, in part at least, with a diminished response to allosteric activator. 
In some enzymes, the allosteric binding site(s) are far away from the substrate binding 
site(s). As such, a residue implicated with an allosterism could be directly involved with 
ligand binding, or it could sit along the path in which the allosteric signal is transmitted 
between the sites. 
Having said this, some strong evidence suggests that Lys39 in the E. coli ADP-Glc 
PPase is at or near the activator binding site.  After incubating the enzyme with pyridoxal 
phosphate (PLP), sodium borohydride was added which caused PLP to react with the 
nearest lysine residue, which was Lys39.48 Based on homology modeling, this is a residue
that straddles the cleft between the C-terminal and N-terminal domains.38 The K39A 
mutant had a kinetic profile characterized by a significantly diminished response to 
activator Fru16BP.48 As such, it can be inferred that this residue either forms part of the 
activator binding domain, or it sits along the allosteric signaling pathway between the 
activator binding site and the catalytic region. 
As was mentioned, ADP-Glc PPase is an enzyme that plays a key role in the 
synthesis of glycogen and starch. These are extremely important in ways ranging from 
crop yields to bacterial virulence factors, and as such, it is important to understand how 
ADP-Glc PPases are regulated allosterically. This is particularly true in the cases ADP-
Glc PPases like that from E. coli which drastically changes its kinetic profile upon the 
addition of activator -- for instance, seeing up to 30-fold increases in Vmax, etc.35 It is the 
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aim of this work to further the understanding of allosteric regulation in ADP-Glc PPases. 
 Thesis Overview and General Format
The overall goal of this works is to provide a convincing argument on how this 
enzyme uses different structural elements to transmit an activation signal between the 
activator and ATP binding sites. The outlay of this dissertation is as follows.
• It begins with an examination into possible signal pathways that occur between 
the aforementioned Lys39 residue and the ATP binding site, and an analysis of residues 
that sit along these pathways.
• This is followed by structural studies on the pyruvate-bound form of the A. 
tumefaciens ADP-Glc PPase. 
• Attempts to determine the location of the Fru16BP binding site through molecular
dynamics studies are reviewed. This includes the results of site-directed mutagenesis 
studies and molecular dynamics simulations which may provide evidence for the 
determination of the Fru16BP binding site.
• A discussion on the kinetic profiles observed when nucleotides other than ATP are
used in substrate in the E. coli ADP-Glc PPase are analyzed, with a discussion on how the
results pertain to allosteric regulation.
• An analysis on the chemical stability of NDP-Glucoses in the presence of 
magnesiumated alkaline media is reported on. The result of these studies help to identify 
the source location of ADP-Glucose that is used for plastididal starch synthesis. 
• Conclusion and Final Thoughts.
   
CHAPTER 2
IDENTIFICATION OF AN ALLOSTERIC PATHWAY IN THE 
ESCHERICHIA COLI ADP-GLUCOSE PYROPHOSPHORYLASE USING
COMPUTATIONAL AND SITE DIRECTED MUTAGENESIS STUDIES
Introduction
Bacteria and plants produce glycogen and starch, respectively, as their primary 
storage polysaccharides. The synthesis of these polymers occurs with the donation of a 
glucose moiety from ADP-glucose (ADP-Glc) to an existing α-1,4-polyglucan chain. It is
the production of ADP-Glc, catalyzed by the enzyme ADP-glucose pyrophosphorylase 
(ATP:α-D-glucose-1-phosphate adenylyltransferase; EC 2.7.7.27; ADP-Glc PPase), that 
acts as the rate limiting step in glycogen and starch production.6 This Mg2+ dependent 
reaction proceeds with ATP binding first to the enzyme, followed by glucose-1-phosphate
(Glc1P), with the subsequent production of ADP-Glc and pyrophosphate.49,50
All known plant and bacterial ADP-Glc PPases are derived from a common 
ancestor and are predicted to share considerable structural similarities.1,5  These structural
features are evident in the crystallographic structures of the potato tuber37 and 
Agrobacterium tumefaciens36 enzymes. Notably, the enzymes are tetramers with ~50 kDa 
subunits. Enteric and cyanobacterial enzymes are homotetrameric (α4), whereas those of 
Firmicutes, unicellular algae, and higher plants are heterotetrameric (α2β2).1,5 In the latter, 
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the two subunit types have similar structure and share a common ancestry, although it is 
sometimes the case that just one subunit type is catalytic.51,52 In most organisms, this 
enzyme is allosterically regulated by intermediates of the main carbon assimilatory 
pathway that exist within that species.1,5,53 In the case of E. coli, glycolysis is the major 
pathway and fructose-1,6-bisphosphate (FBP, also FBP) is the primary activator of the E. 
coli ADP-Glc PPase. Of the ADP-Glc PPases that have been characterized, the E. coli 
enzyme has some of the largest changes in basal activity brought about by the activator. 
For instance, it increases specific activity and ATP affinity by at least 25- and 15-fold, 
respectively.38 
Previous mutagenesis studies involving ADP-Glc PPases have provided some 
information regarding the allosteric activation mechanism of these enzymes. For 
example, studies on chimeric ADP-Glc PPases have shown that the C-terminal domain is 
important for allosteric effector specificity.54 Some alanine mutants of N-terminal 
arginine residues in the A. tumefaciens enzyme had altered allosteric responses, such as 
R32A which had significantly reduced affinity for the activator fructose-6-P.41 Several N-
terminal residues in the E. coli ADP-Glc PPase have also been associated with allosteric 
activation. Lys39 is part of the FBP binding site,48 and Gln74, which is universally 
conserved amongst ADP-Glc PPases, is needed in order for FBP to exhibit regulatory 
role. The alanine mutant of the nearly universally conserved Trp113 had a similar kinetic 
profile to Q74A, even though FBP still binds to these enzymes.38  W116A and Q75A 
mutants of the potato tuber enzyme also fail to respond to allosteric activator.55 A model 
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of the E. coli ADP-Glc PPase that highlights these regions is shown in Figure  9. Despite 
all of these data, it is not known how the allosteric signal is transmitted and what specific 
interactions are involved.  
Here, we use molecular dynamics (MD) to get insight into what residues are 
involved in an allosteric pathway in the E. coli ADP-Glc PPase.  Allosteric effectors may 
alter communication pathways that exist within an enzyme.56 For that reason, correlated 
movement analysis, which examines cooperative motions within a protein, may be a 
useful tool for elucidating such interactions.57 However, because this technique does not 
consider the physical proximity of correlated regions, further analysis may be needed to 
identify spatially connected communication pathways.  To that end, a network pathway 
analysis, which accounts for the physical connectivity of correlated regions, can help 
pinpoint such tracts.58 These techniques, along with an examination of some hydrogen 
bond networks and structural comparisons with other ADP-Glc PPases, suggested that the
span of residues from Pro103 to Arg115 is important in an allosteric activation pathway 
in the E. coli enzyme. We tested this hypothesis by performing alanine scanning 
mutagenesis on the residues of this loop and kinetically characterizing the mutants, 
several of which were distinguished by a disruption of the allosteric response. In addition 
to this, sequence alignments of known ADP-Glc PPases that focused on this loop region, 
as well as structural alignments of different bacterial NDP-glucose pyrophosphorylases 
(NDP-Glc PPases), provided insight into the evolution of allosteric regulation in ADP-
Glc PPases.
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Figure 9.  Model of the E. coli ADP-Glc PPase. One ATP-bound subunit is shown in 
cartoon representation, with other subunits shown in surface format. For reference, the 
Pro103–Arg115 loop is colored red, the C-terminal domain is in orange, Asn38–Ala40 
are colored blue, Thr73–Gln75 are yellow, Leu25–Gly30 are in green, and bound ATP is 
shown in surface format. 
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Results
Molecular Dynamics (MD) Simulations and Correlation Analysis
The identification of regions of an enzyme associated with an allosteric pathway 
can be deduced by coupling an evolutionary analysis of the protein (i.e. the conservancy 
of involved residues) with MD simulations and a structural analysis that are performed 
with and without the effector molecule.57,58 Unfortunately, the activator-bound structure of
the E. coli ADP-Glc PPase is not known, nor is it for any other ADP-Glc PPase. 
Nonetheless, studies involving the E. coli enzyme have clearly shown that the interaction 
between ATP and FBP is synergistic, with FBP stimulating the binding of ATP (forward 
effect) and  ATP stimulating the binding of FBP (reverse effect).49,59 This synergy strongly
suggests that a common set of structural components transmit both signals. Based on the 
Monod-Wyman-Changeux model of allosterism, both the allosteric activator and the 
substrate selectively bind to the same active conformation of the enzyme (R state). This 
form will have enhanced interactions with both ligands. In other words, if the allosteric 
activator enhances the binding of the substrate, the substrate must enhance the binding of 
the allosteric activator, and both will trigger the same structural pathway.60 For that 
reason, information regarding the structural elements associated with the forward effect 
could lead to information regarding the reverse effect. With this in mind, we ran MD 
simulations on a homology model of the enzyme with ATP-bound and unbound subunits. 
Simulations were run using the molecular dynamics program NAMD, which is produced 
by the University of Illinois. 
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We produced a correlation map that showed differences in the correlated 
movements between the ATP-bound versus non-bound subunits (Figure 11). Residues 
associated with some of the largest positive differences (indicating that correlations in 
movement were present or significantly enhanced in the ATP-bound versus unbound 
subunit) involved a loop structure formed by residues Pro103-Arg115.  Specifically, we 
saw that the greatest differences in movement correlation involved this loop and the FBP 
binding Lys39 region. Correlation differences were also seen with this loop and a glycine 
rich region (near Gly30) that is part of the ATP binding domain.1 Furthermore, the 
network pathway analysis revealed that the dominant path of communication58 between 
the FBP binding Lys39 and the adenine ring of ATP mainly involved residues of the 
Pro103-Arg115 loop, particularly those towards the center and C-terminal half of this 
structure (Table  2 and Figure 10). In addition, a homology model38 and our simulation 
indicated that the ATP-bound subunit and the substrate free subunits were structurally 
very similar, with the exception of the loops bearing regulatory residues Lys39,48 Gln74,38
an ATP-binding Leu25-Gly30 loop1, and the Pro103-Arg115 loop (Figure 12). Since they 
are closer together in the ATP-bound subunit, this form is referred to as the closed state 
whereas the unbound subunit represents the open form of the enzyme. 
In the simulations, we observed several hydrogen bond interactions in the ATP-
bound subunit involving the Pro103 – Arg115 loop, Gln74, Lys39, ATP, and the Leu25 – 
Gly30 loop that were maintained for most of the simulation, and these were generally 
absent in the open form (Figure 13). In the ATP-bound subunit, the backbone oxygen of
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Figure 10. Node degeneracy in signaling pathways between Lys39 and ATP. Data for the 
500 shortest paths linking Lys39 to ATP is shown for ATP-bound subunits A and C. 
Figure II and III: Statistical distribution of signaling pathways. The shortest path 'lengths' 
(as described in materials and methods) were 192 and 218 for two ATP-bound subunits. 
This is indicated by arrows in the figure above. 
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Figure 11. Movement correlation map of E. coli ADP-Glc PPase. Correlation map 
showing the differences in correlation scores between ATP-bound and unbound subunits 
(bound - unbound). Some of the most intense readings involve the Pro103–Arg115 loop 
with the FBP binding Lys39 region, and this is highlighted in the lower panel of this 
figure. This image was produced as described in the Materials and Methods.
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Figure 12. ATP binding region of the E. coli ADP-Glc PPase. Image showing the 
differences in position of the Pro103–Arg115 loop, the Leu25-Gly30 region, and loops 
bearing Gln74 and Lys39 in the ATP bound (A) and unbound (B) subunits. The Pro103–
Arg115 loop is colored red, Asn38–Ala40 are colored blue, Thr73–Gln75 are yellow, 
Leu25–Gly30 are in green. For reference, residues Arg29, Lys39, Gln74, and Arg115 are 
shown in spheres. ATP is shown in translucent surface format. Asp276 sits near the apex 
of the loop residing in the image foreground. This image was generated using Pymol 1.3 
and shows the enzyme approximately 3 ns into the MD simulation.
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Figure 13. Key interactions of the P103-R115 loop. Schematic of some of the key 
interactions involving the Pro103–Arg115 loop observed in the MD simulations.
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 Trp113 hydrogen bonded with the side chain of Gln74, and in turn the backbone of 
Gln74 formed a hydrogen bond with Ala26 of the ATP binding domain (homologous to 
the tuber Gln75 / Trp116 and Gln75 / Gly28 interactions, respectively).37 We also saw 
that, simultaneously, the side chain oxygen of Gln74 hydrogen bonded with the amino 
group of ATP for the entire simulation.  The supposition that Gln74 hydrogen bonds with 
ATP is further supported by similar findings with Gln67 in the A. tumefaciens 
enzyme36 and, while not present in the crystal structure, a hydrogen bond between Gln75 
and ATP in the tuber enzyme formed within the first half nanosecond of an MD 
simulation (data not shown).  For most of the simulation, Arg115 appeared to hydrogen 
bond with the adenine ring of ATP through both side chain and backbone atoms, 
homologous to the hydrogen bonds observed between Gln118 and ATP in the crystal 
structure of the potato tuber enzyme.37  
The backbone atoms of Gly110 formed hydrogen bonds with backbone atoms of 
Lys39 or Asn38, which mark the FBP binding region.  Further towards the N-terminal 
end of the loop, we saw that the side chain of Gln106 formed a hydrogen bond with the 
side chain of Gln76 for almost the entire simulation.  Gln106 and Arg107 were also 
observed interacting with the opposing subunit, although the identity of involved residues
was variable but included, amongst others, Asn124, Asp126, and Asp231. Also at this end
of the loop, we observed a network of hydrogen bonds between the backbone atoms of 
Ala104 – Arg107 and Gln74 – Gln76, though this interaction was generally observed in 
both ATP bound and unbound subunits.  In the potato tuber enzyme, there is a hydrogen 
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bond between Asn113 and Lys40 (homologous to the Gly110 and Asn38/Lys39 
interaction), and so are hydrogen bonds between residues homologous to Ala104 – 
Arg107 and Gln74 – Gln76.37
Table 2. Results of the network pathway analysis. The data below shows the five shortest 
communication pathways linking the FBP Lys39 residue to the adenine ring of ATP in the
ATP bound subunits (A and C).  Most residues in the pathways belong to the Pro103-
Arg115 loop. We focused on the adenine ring as target node. Pathways to the ribose ring 
node also mainly involved the Pro103-Arg115 loop residues (data not shown). Analysis 
was performed as described in materials and methods.  
Path 
Number Path Residues
Lys39A → ATPA Path 1: Lys109, Tyr75, Trp113, Arg115 
Path 2: Lys109, Tyr75, Arg29, Trp113, Arg115  
Path 3: Lys109, Glu111, Trp113, Arg115 
Path 4: Lys109, Tyr75, Trp113, Arg115, Thr117 
Path 5: Lys109, Tyr75, Gly27 
Lys39C → ATPC Path 1: Lys109, Glu111, Trp113, Arg115 
Path 2: Lys109, Arg107, Gln105, Gln74, Arg115
Path 3: Lys109, Tyr75, Gly27  
Path 4: Lys109, Arg107, Gln105, Gln74, Arg115 
Path 5: Lys109, Arg107, Tyr75, Gly27 
As a consequence of these computational studies, the Pro103 – Arg115 loop 
seemed like it may serve an important role in enzyme function, particularly regarding 
allosteric regulation. To test this hypothesis, and to examine the role of the side chains in 
this loop, we performed alanine scanning mutagenesis and characterized the mutants.
Kinetic Characterization
The results of the kinetic assays showed that the alanine mutants of Pro103 – 
Arg115 loop residues can be divided into three main groups, depending primarily on their
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response to FBP. Group I mutants include Q105A, M108A, K109A, E111A, and N112A, 
which had kinetic profiles that resembled the wild-type enzyme. Upon the addition of 
FBP, there was a marked increase in the apparent affinities for all substrates in this group 
(Table  3 and Table  4, Figure 14 and Figure 15). The ATP S0.5 values, shifted from 1.7–
3.3 mM to 0.3–0.7 mM when activator was added, which nears the 2.5 mM to 0.2 mM 
shift observed with the wild-type. Similar effects were observed for the apparent Glc1P 
and Mg2+ affinities.  An exception here would be the 1.5 fold change in Mg2+ apparent 
affinities for M108A. FBP also induced a significant rise in Vmax with Group I mutants 
under standard conditions, defined here as 1.5 mM ATP, 1.0 mM Glc1P, and 10 mM Mg2+
at pH 8.0 (Table  5, Figure 15). The specific activities increased 25-fold for the wild-type 
enzyme, and 10- to 18-fold for these mutants. They also had similar FBP A0.5 values as 
the wild-type enzyme. All of them were near 0.08 mM, with only Q105A requiring 
slightly higher FBP concentrations (0.17 mM).  Overall, these enzymes generally had 
specific activities that were at least 50-80% those of the wild-type. 
Group II mutants comprise Q106A, R107A, W113A, and Y114A. They had kinetic 
profiles which differed significantly from the wild-type, particularly with regards to their 
response to FBP (Table  3, Table  4, Table  5, and Figure 14, Figure 15). In the absence of 
activator, their behaviors were similar to the wild type enzyme. ATP, Glc1P, and Mg2+ 
affinities were within 1-2 fold of those seen in the wild-type (Table  3 and Table  4). 
Specific activities under standard conditions without FBP ranged from 2.1 to 3.2 U/mg, 
which is close to the value of 3.6 U/mg seen for wild type. Large differences
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Table 3. Effect of Ala mutations on ATP saturation curves. Shown below are the ATP 
saturation curves, comparing mutant and WT enzymes.
ATP
FBP Vmax (U/mg) S0.5 (mM) n
WT 1.5 88.0 ± 0.6 0.17 ± 0.01 2.0 ± 0.1
0 21.8 ± 0.8 2.5 ± 0.1 2.4 ± 0.2
P103A 1.5 23.7 ± 0.8 0.81 ± 0.06 1.5 ± 0.1
0 18.3 ± 0.2 0.89 ± 0.02 1.9 ± 0.1
Q105A 1.5 52.0 ± 1.9 0.74 ± 0.06 1.4 ± 0.1
0 13.0 ± 0.3 1.91 ± 0.05 2.3 ± 0.1
Q106A 1.5 32.2 ± 4.5 4.4 ± 1.1 1.2 ± 0.1
0 11.1 ± 0.6 2.5 ± 0.2 1.7 ± 1.6
R107A 1.5 27.2 ± 0.6 1.63 ± 0.05 2.3 ± 0.1
0 16.8 ± 0.5 2.5 ± 0.1 2.1 ± 0.1
M108A 1.5 42.6 ± 2.0 0.31 ± 0.03 2.2 ± 0.5
0 21.5 ± 0.3 2.54 ± 0.06 1.8 ± 0.1
K109A 1.5 55.7 ± 0.5 0.38 ± 0.01 2.2 ± 0.1
0 16.0 ± 0.3 2.11 ± 0.06 1.5 ± 0.1
E111A 1.5 66.7 ± 1.9 0.29 ± 0.02 1.3 ± 0.1
0 15.5 ± 1.5 3.3 ± 0.5 1.7 ± 0.2
N112A 1.5 41.9 ± 2.0 0.43 ± 0.05 1.7 ± 0.3
0 13.3 ± 1.7 1.7 ± 0.3 1.7 ± 0.4
W113A 1.5 15.0 ± 2.3 3.1 ± 1.2 1.1 ± 0.1
0 11.3 ± 1.0 3.5 ± 0.7 1.2 ± 0.1
Y114A 1.5 14.1 ± 1.5 2.3 ± 0.3 1.9 ± 0.3
0 10.1 ± 0.3 2.5 ± 0.1 2.0 ± 0.1
R115A 1.5 13.2 ± 0.7 1.3 ± 0.1 1.7 ± 0.2
0 10.1 ± 1.3 3.0 ± 0.5 2.1 ± 0.5
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Table 4. Effect of Ala mutations on Glc1P and Mg2+ saturation curves. Shown below are 
the Glc1P and Mg2+ saturation curves, comparing mutant and WT enzymes.
Glc1P Mg2+
FBP S0.5 (mM) n S0.5 (mM) n
WT 1.5 0.023 ± 0.002 1.4 ± 0.2 1.3 ± 0.1 1.8 ± 0.1
0 0.37 ± 0.04 1.5 ± 0.1 6.0 ± 0.4 1.1 ± 0.4
P103A 1.5 0.17 ± 0.01 1.4 ± 0.1 1.5 ± 0.2 1.0 ± 0.2
0 0.22 ± 0.02 1.1 ± 0.1 1.5 ± 0.2 1.3 ± 0.2
Q105A 1.5 0.018 ± 0.002 1.1 ± 0.2 2.0 ± 0.1 2.8 ± 0.5
0 0.33 ± 0.01 1.8 ± 0.1 7.4 ± 1.9 1.1 ± 0.1
Q106A 1.5 0.120 ± 0.009 1.3 ± 0.1 4.8 ± 1.3 1.1 ± 0.2
0 0.25 ± 0.03 1.6 ± 0.2 4.6 ± 0.4 1.9 ± 0.4
R107A 1.5 0.12 ± 0.02 1.0 ± 0.1 6.7 ± 1.9 1.0 ± 0.2
0 0.26 ± 0.12 0.9 ± 0.1 6.4 ± 1.2 1.3 ± 0.3
M108A 1.5 0.019 ± 0.002 1.1 ± 0.1 3.2 ± 0.2 2.2 ± 0.3
0 0.24 ± 0.01 1.8 ± 0.1 4.6 ± 1.6 1.3 ± 0.3
K109A 1.5 0.025 ± 0.001 1.6 ± 0.1 0.8 ± 0.1 1.3 ± 0.2
0 0.27 ± 0.02 2.5 ± 0.5 4.0 ± 0.3 2.8 ± 0.8
E111A 1.5 0.029 ± 0.002 1.9 ± 0.2 1.0 ± 0.1 1.7 ± 0.3
0 0.39 ± 0.05 1.5 ± 2.6 4.7 ± 0.9 1.4 ± 0.2
N112A 1.5 0.040 ± 0.009 1.5 ± 0.8 0.99 ± 0.04 4.1 ± 0.7
0 0.363 ± 0.005 1.5 ± 0.1 4.5 ± 0.5 1.7 ± 0.3
W113A 1.5 0.34 ± 0.07 1.3 ± 0.2 5.8 ± 1.4 1.6 ± 0.4
0 0.46 ± 0.02 1.7 ± 0.1 5.0 ± 2.0 1.6 ± 0.7
Y114A 1.5 0.27 ± 0.16 0.2 ± 0.2 6.2 ± 2.1 1.2 ± 0.2
0 0.43 ± 0.14 0.3 ± 0.2 6.9 ± 2.1 1.2 ± 0.2
R115A 1.5 0.143 ± 0.002 1.7 ± 0.1 5.4 ± 0.6 1.3 ± 0.1
0 0.28 ± 0.01 1.7 ± 0.1 5.4 ± 0.7 1.7 ± 0.4
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Table 5.  Effect of Ala mutations on FBP saturation curves. FBP saturation curves, 
comparing mutant and WT enzymes.
FBP
A0.5 n V0b Vmax Activation
(mM) (U/mg) (U/mg) -Fold
WT 0.077±0.002 1.8 ± 0.1 3.6 ± 0.6 88.9 ± 0.7 25.0
P103A 0.062±0.009 1.8 ± 0.4 14.8 ± 0.3 21.6 ± 0.4 1.5
Q105A 0.174±0.006 1.3 ± 0.1 3.7 ± 0.4 39.8 ± 0.4 10.7
Q106A 0.18±0.03 1.7 ± 0.5 2.7 ± 0.7 7.4 ± 0.3 2.7
R107A 0.08±0.01 1.2 ± 0.3 3.2 ± 0.3 11.0 ± 0.4 3.5
M108A 0.09±0.02 1.0 ± 0.2 5.0 ± 2.0 49.6 ± 2.8 9.9
K109A 0.064±0.005 1.6 ± 0.2 2.7 ± 1.4 42.7 ± 1.1 15.7
E111A 0.053±0.005 1.5 ± 0.2 3.6 ± 2.2 66.5 ± 1.7 18.3
N112A 0.052±0.002 1.2 ± 0.1 4.5 ± 0.7 56.3 ± 0.6 12.5
W113A 0.090±0.009 1.6 ± 0.3 3.1 ± 0.1 4.1 ± 0.1 1.3
Y114A 0.08±0.01 1.4 ± 0.3 2.1 ± 0.1 3.2 ± 0.1 1.5
R115A 0.38±0.06 1.4 ± 0.2 1.1 ± 0.2 11.2 ± 0.8 10.0
 between Group II mutants and the wild-type were observed in the presence of FBP. 
Whereas apparent affinities for ATP, Glc1P, and Mg2+ for the wild-type enzyme were 
found to increase approximately 15-, 16-, and 3.5-fold, respectively, all such values were 
found to increase by no more than 2-fold for Group II mutants. Specific activities 
increased by no more than 4-fold for these mutants upon addition FBP under standard 
conditions, significantly less than the 25-fold change seen for wild type. 
R115A is also considered a Group II enzyme because it had a kinetic profile 
markedly different from wild type enzyme. This includes decreased substrate affinities 
along with specific activities that were markedly lower than the wild type (Table  3, Table
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4, Table  5, and Figure  5, Figure  6). Under standard conditions in the absence of FBP, 
R115A had, in fact, the lowest specific activity of any of the mutants studied in this 
report, at 1.1 U/mg (Table  5, Figure 15).  The FBP saturation curves, however, revealed 
that under standard conditions there was a nearly 10 fold increase in Vmax for this enzyme 
upon the addition of FBP.  However, it had the highest FBP A0.5 of any of the enzymes, at 
0.38 mM, and it also had significantly higher ATP S0.5 than wild-type (Figure 14).
At last, a third group could be defined consisting only of P103A. Like most of the 
Group II enzymes, it did not respond significantly to activator FBP. There was less than 
1.5 fold shift in either specific activities and substrate affinities with the activator  (Table  
3, Table  4, Table  5, and Figure 14 and Figure 15).  What is unique about this mutant, 
however, is that apparent affinities for ATP and Mg2+ in the absence of activator were 
substantially higher than those of the wild-type enzyme. The ATP S0.5 was just 0.9 mM 
(2.5 mM for wild type) and the Mg2+ S0.5 was 1.5 mM (5.9 mM for wild type). Glc1P S0.5 
values were also lower, at 0.2 mM, compared to 0.4 mM for wild type. Furthermore, 
under standard conditions in the absence of activator, P103A has specific activity that is 
substantially higher than the wild-type enzyme, at approximately 14.8 U/mg, compared to
3.6 U/mg for wild type (Table  5, Figure 15). However, upon the addition of FBP, P103A 
loses any kinetic advantages over the wild type. Whereas the wild-type enzyme achieves 
a specific activity of about 90 U/mg under standard conditions with FBP, this value is just
over 20 U/mg for P103A. The ATP and Glc1P apparent affinities of the activated P103A 
enzyme are lower than wild type, at 0.8 mM and 0.17 mM, respectively, compared to 0.2 
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mM and 0.02 mM for wild type. 
All mutant and wild type forms of ADP-Glc PPase studied in this work exhibited 
some inhibition by AMP (Table  6).  However, enzymes which had the least sensitivity to 
FBP were also the least sensitive to AMP inhibition. For instance, whereas the wild-type 
enzyme retains just over 3% of its activity with saturating AMP (Table  6), this figure is 
50-70% for enzymes like P103A, W113A, and Y114A.  
Table 6.  Effect of Ala mutations on AMP induced inhibition. AMP inhibition saturation 
curves, comparing mutant and WT enzymes. Enzyme assays were performed using 1.5 
mM ATP, 1.0 mM Glc1P, 10.0 mM MgCl2, 0.18 mM FBP, at pH 8.0.
AMP
I0.5 V0b V c n V /V0
(mM) (U/mg) (U/mg) (%)
WT 0.064 ± 0.009 85.5 ± 3.4 3.2 ± 4.0 1.1 ± 0.2 3.7
P103A 0.079 ± 0.005 14.6 ± 0.1 7.5 ± 0.1 1.3 ± 0.1 51.1
Q105A 0.184 ± 0.012 28.4 ± 0.9 2.3 ± 0.7 2.1 ± 0.3 8.1
Q106A 0.064 ± 0.008 7.1 ± 0.2 1.9 ± 0.2 1.5 ± 0.2 26.0
R107A 0.083 ± 0.012 11.7 ± 0.3 2.5 ± 0.4 1.4 ± 0.2 20.9
M108A 0.049 ± 0.002 44.2 ± 0.8 4.6 ± 0.6 3.2 ± 0.3 10.3
K109A 0.056 ± 0.003 42.1 ± 1.0 4.4 ± 0.9 2.9 ± 1.1 10.6
E111A 0.103 ± 0.013 63.3 ± 2.8 4.5 ± 2.3 1.9 ± 0.4 7.1
N112A 0.089 ± 0.005 41.6 ± 1.2 1.7 ± 1.1 2.6 ± 0.4 4.2
W113A 0.065 ± 0.012 2.9 ± 0.1 1.5 ± 0.1 0.9 ± 0.1 51.2
Y114A 0.034 ± 0.004 2.6 ± 0.1 1.7 ± 0.4 1.4 ± 0.1 66.7
R115A 0.073 ± 0.003 4.1 ± 0.2 0.5 ± 0.2 0.9 ± 0.2 12.7
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Sequence Alignment 
The results of the sequence alignment (Figure 16) reveal that several of the Pro103 
– Arg115 loop residues are highly conserved. This was particularly true for Group II and 
III residues, with the exception of Arg115. Trp113 is universally conserved in all known 
ADP-Glc PPases, with the exception of Lactobacilli. Pro103 and Tyr114 are similarly 
conserved in non-photosynthetic bacteria. In photosynthetic species Tyr114 is replaced by
phenylalanine. In the homology model, Pro103  terminates a preceding beta sheet 
(formed by residues 98-102), and it marks the beginning of the Pro103 – Arg115 loop. In 
ADP-Glc PPases from photosynthetic species, this residue is an alanine. Specifically, two
consecutive alanine residues break the preceding beta sheet and mark the beginning of 
the homologous loop structure in these enzymes. A glutamine at positions akin to residue 
106 of the E. coli enzyme is present nearly 70% of the time in plant and bacterial ADP-
Glc PPases. However, its identity  in other ADP-Glc PPases is more variable, with both 
polar and hydrophobic residues observed in the remaining 30% of sequences. While 
Gln105 is comparatively less conserved, it is interesting that nearly 80% of all ADP-Glc 
PPase sequences have a glutamine at either positions 105 or 106, and about 45% have 
glutamines at both sites, including the E. coli, A. tumefaciens, and potato tuber enzymes. 
Arginine is observed at position 107 in about 60% of all sequences, and is typically 
replaced by other polar amino acids when not present as arginine. Group I residues 108, 
109, 111, and 112 (along with the previously mentioned 105) are comparatively less 
conserved, and so is residue 115 (Group II). Despite having decreased substrate affinities
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Figure 14. ATP saturation curves for E. coli ADP-Glc PPase Pro103-Arg115 Ala mutants.
ATP saturation curves of wild-type and alanine mutants of E. coli ADP-Glc PPases 
conducted with 1.5 mM FBP or without FBP (control).
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Figure 15.  FBP saturation curves for E. coli ADP-Glc PPase Pro103-Arg115 Ala 
mutants. FBP saturation curves of wild-type and mutants of E. coli ADP-Glc PPases.
Figure 16. Sequence conservation of the Pro103–Arg115 loop. Here, 242 non-redundant 
ADP-Glc PPase sequences are represented. The y-axis represents the percent abundance 
of a particular amino acid type (summing to 100%). The most commonly observed amino
acid at each site are represented by black bars, whereas the color representations for less 
commonly observed amino acids are described in the figure legend. 
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 and lower specific activity, the alanine mutant of Arg115 did (like the Group I mutants) 
show a partial response to FBP with regards to Vmax (Table  5, Figure 15). We saw that the
alanine mutants of the more conserved Pro103 – Arg115 loop residues were likely to have
diminished FBP response compared to the alanine mutants of less conserved residues.
Discussion
MD simulations provided important information on building a hypothesis about 
where a FBP triggered allosteric pathway is located in the E. coli ADP-Glc PPase. As 
shown in Figure 11, strong differences in correlated movement were observed with 
regions of the enzyme associated with ATP binding (near Leu25 – Gly30),61 regulation 
(near Gln74 and Lys39),38,48 and a span which included a Pro103 – Arg115 loop (Figure 
11). Overall, however, the most prominent differences in correlation involved the Pro103-
Arg115 loop with residues including Lys39.  Additionally, the optimal network pathway58
linking the FBP binding Lys39 to ATP mainly involved residues of the Pro103-Arg115 
loop (Table  2 and Figure 10). Subsequent analysis of the simulation revealed that these 
regions were within close contact of each other in the ATP bound subunit. In the subunit 
without the ligand, however, these correlated movements are absent or greatly diminished
and the distance between them significantly increased (Figure 11 and Figure 12).  As was 
mentioned, residues along these regions, including the Pro103-Arg115 loop (Figure 16), 
are well conserved and their interactions (Figure 13) coincide with features observed in 
the A. tumefaciens and potato tuber ADP-Glc PPase enzymes. These findings led to the
    48
 hypothesis that the Pro103 – Arg115 loop may be important in allosteric regulation, and 
we tested it by performing alanine scanning mutagenesis on the loop residues and 
kinetically characterizing the mutants.
We found that several of the alanine mutants had kinetic profiles that were very 
different from the wild type enzyme, particularly with regards to FBP activation. Overall, 
the mutant enzymes which were less responsive to activation (Table  5) tended be less 
responsive to AMP inhibition, supporting the idea that one of the main mechanisms of 
AMP inhibition involves competition with FBP (preventing it from activating the 
enzyme).1 Based on our results, we classified the alanine mutants into three main 
categories.  Group I enzymes, which were Q105A, M108A, K109A, E111A, and N112A, 
had kinetic profiles most closely matching the wild type ADP-Glc PPase. These residues 
are comparatively less conserved than the other loop residues (Figure 16).  Group II 
included Q106A, R107A, W113A, Y114A, and R115A, which differed most from the 
wild type enzyme (particularly with regards to FBP activation), and the Group III mutant,
P103A, appeared to exist in a partially pre-activated state. Group II and III mutants 
highlight the most critical residues, which are structurally located at the ends of the loop. 
There is evidence supporting a relationship between ATP with Gln74, Trp113, 
Tyr114, and Arg115 (Figure 13).  In addition to the previously proposed interaction 
between Gln74 and Trp113,38 the side chain oxygen of Gln74 maintained a hydrogen 
bond with the amino group of ATP for the entire simulation. Furthermore, the backbone 
atoms of Gln74 also formed hydrogen bonds with the backbone of the ATP binding 
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Leu25 – Gly30 loop (Figure 13). As was mentioned above, homologous and universally 
conserved glutamines in other ADP-Glc PPases probably also interact with ATP. This 
observation, together with kinetics data on Q74A suggests that Gln74 exerts its influence 
by interacting with ATP, and that this interaction is stabilized by the presence of FBP.38   
In our simulation, Tyr114 stayed at least ~4 Å away from the ATP substrate. 
However, previously research strongly suggests that this residue is involved in ATP 
contact. Firstly, it was shown that 8-azido ATP would crosslink with the hydroxyl of 
Tyr114 upon UV radiation.39 The Y114F mutant was also found to have decreased ATP 
affinities and diminished FBP activation.40 Our findings on Y114A were more dramatic, 
which indicates that the presence of an aromatic side chain plays an important role, as has
been shown with Trp113.38 In addition, steered molecular dynamics simulations in which 
the ATP was pulled out of the binding site showed that the adenine ring would come into 
close contact (< 3.5 Å) with the side chain of Tyr114 during this process (data not 
shown). Therefore we cannot discard that the side chain of Tyr114 interacts with ATP at 
some intermediate stage of the binding process.   
Arg115 also interacted with the adenine ring of ATP through both backbone oxygen
and side chain nitrogens (Figure 13). Although Arg115 is not highly conserved (Figure 
16), homologous residues tend to be polar and capable of hydrogen bonding, and the 
most common residue for this site is Gln. Gln118 of the potato tuber enzyme interacts 
with ATP in a similar manner.37 Furthermore, the R115Q mutant of the E. coli enzyme not
only had improved FBP response compared to the alanine mutant without FBP, it also had
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higher apparent ATP affinity than the wild type enzyme (Table  7, Figure 17). It is 
interesting that while R115A had lowered apparent substrate affinities and specific 
activities (like the other Group II mutants), it had a partial response to FBP under 
standard conditions (Table  5, Figure 15). However, even here, the relative FBP-induced 
increase in Vmax was less than half that of WT  (Figure 15), and ATP S0.5 values remained 
comparatively high (Table  3).  As such, Arg115 could be considered a residue that is 
important for both ATP binding and FBP activation. 
Table 7. Effect of Asn, Asn, and Gln mutations on ATP saturation curves. Effect of Asn, 
Asn, and Gln mutations of Gln106, Arg107, and Arg115 (respectively) on the kinetic 
parameters of the Hill equation for ATP saturation curves, as determined with and without
1.5 mM FBP.
ATP
FBP Vmax S0.5 n
(mM) (U/mg) (mM)
WT 1.5 88.0 ± 0.6 0.17 ± 0.01 2.0 ± 0.1
0 21.8 ± 0.8 2.5 ± 0.1 2.4 ± 0.2
Q106N 1.5 11.6 ± 0.9 1.8 ± 0.5 1.1 ± 0.1
0 5.1 ± 0.4 1.3 ± 0.3 1.5 ± 0.3
R107N 1.5 68.5 ± 1.3 0.56 ± 0.02 3.0 ± 0.2
0 23.0 ± 1.7 2.6 ± 0.2 2.2 ± 0.2
R115Q 1.5 64.4 ± 0.5 0.43 ± 0.01 3.9 ± 0.2
0 5.2 ± 0.2 0.69 ± 0.04 2.6 ± 0.3
Further towards the N-terminal end of the loop, the side chain of Gln106 formed a 
hydrogen bond with the side chain of Gln76 for almost all of the simulation, and Arg107 
was observed interacting with the opposing subunit, although the identity of involved
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Figure 17. FBP saturation curve for E. coli ADP-Glc PPase Asn and Gln mutants. ATP 
saturation curves of wild-type and Q106N, R107N, and R115Q mutants of E. coli ADP-
Glc PPases conducted with 1.5 mM FBP and without FBP (control). Assays were 
performed as described in the materials and methods section.
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 residues was variable. This may be noteworthy because inter-subunit interactions have 
previously been suggested as being important for the regulation of ADP-Glc 
PPases.62 Nonetheless, while Arg107 had some electrostatic interactions with opposing 
subunit residues like Asp126 or Asp231, the R107N mutant had significantly improved 
response to FBP compared to R107A (Table  7). This means that electrostatic interactions
are not crucial for this residue site.  On the other hand, the Ala mutant of Gln106 had a 
kinetic profile similar to the Q106N, as both failed to appreciably respond to FBP (Table  
7).  This would suggest the existence of specific interactions involving Gln106, although 
further studies would be needed to determine involved residues. Interestingly, nearly 80%
of the sequences referenced in Figure 16 have a Gln at either positions 105 or 106, and 
about half have Gln at both sites, as is the case with the E. coli enzyme.  In fact, even 
though Q105A is classified here as a Group II mutant, it had a substantially elevated FBP 
A0.5, as did Q106A (Table  5).
P103A had a unique kinetic profile.  In this case, FBP did not cause a significant 
change in substrate affinities or specific activity.  This is similar to a previously studied 
mutant bearing a pentapeptide insertion at Leu10263 (as well as the Group II mutants 
studied here). However, unlike these enzymes, our kinetic assays indicate that P103A 
exists in a partially pre-activated state. This is demonstrated by substrate affinities 
determined in the absence of FBP that rival or exceed those of the activated wild type 
enzyme  (Table  3, Table  4, Table  5, and Figure 14 and Figure 15). Despite this fact, 
P103A with FBP had an impaired kinetic profile compared to the activated WT enzyme 
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(Table  3, Table  4, Table  5).  We suggest that proline's unique structural characteristics 
help to ensure the proper positioning of downstream loop residues, some of which may 
lie near FBP and ATP binding sites (Figure  9). Other mutants of the E. coli ADP-Glc 
PPase that are pre-activated or even fully activated include G336D, P295D, P295E,64,65 as
well as a mutant missing the first 11-15 residues at the N-terminus.66 Residues 336 and 
295 lie in the proximity of the interface between the  C- and N-terminal domains, as do 
parts of the Pro103-Arg115 loop (Figure  9), and this could support the idea that 
interactions between C- and N-terminal domains are important in the overall allosteric 
mechanism.54 It is possible all of these mutants, including P103A, favor a common active 
form of the enzyme.
The side chains of Group I residues, which include Gln105 and Met108 – Asn112 
and are comparatively less conserved (Figure 16), appear to play no critical role in the 
regulation or functioning of this enzyme. However, we cannot discard that the backbone 
of these residues participate in important interactions. These may include hydrogen bonds
between the backbone atoms of Gly110 and residues at or near Lys39, as well as 
hydrogen bonds between the backbone atoms of Ala104 – Arg107 and residues near 
Gln74 (Figure 13). If this were the case, then an examination of Figure  9 and Figure 12 
would suggest that the interaction between Gly110 and Asn38 / Lys39 functions as a latch
(with hinges at the ends of the loop), helping to modulate the 'closure' of the Pro103-
Arg115 loop, thereby facilitating the aforementioned interactions that involve these 
regions.
    54
Aside from analyzing the sequences of the E. coli ADP-Glc PPase with other ADP-
Glc PPases, it is worth examining other NDP-Glc PPases. All the ADP-Glc PPases as 
well as other sugar nucleotide pyrophosphorylases appear to have evolved from a 
common ancestor. Despite low sequence similarity, many of the structural features 
observed in the ADP-Glc PPases are observed in the other bacterial NDP-glucose 
pyrophosphorylases.1,63 For instance, the catalytic domains in all of these enzymes have 
virtually identical folds. These features are represented in the crystal structure of the E. 
coli UDP-Glc PPase and dTDP-Glc PPase, the CDP-Glc PPase from Salmonella enterica,
and the UDP-Glc PPase from Helicobacter pylori (PDB accession codes 2E3D, 1H5T, 
1WVC, and 3JUK, respectively).67–70 Other similarities between these enzymes included 
regions homologous to the Pro103 – Arg115 loop. An overlay of the E. coli ADP-Glc 
PPase homology model with these NDP-Glc PPases that focuses on this loop with 
flanking α helix and β sheets is shown in Figure 18. There is remarkable overlap between 
the structures, with one distinct difference. The other NDP-Glc PPases have a short loop 
structure (5 – 7 residues) linking the α helix and β sheet. This compares to the 13-residue 
long loop in the E. coli ADP-Glc PPase (with a range of 12-15 and average of 12.6 
residues amongst the 242 ADP-Glc PPases sequences described in Figure 16). What is 
perhaps more interesting is that all of the other bacterial NDP-Glc PPases are 
unregulated, whereas the ADP-Glc PPases are generally highly regulated 
allosterically.1 As we have shown in this paper, disruption of this loop (i.e. single alanine 
mutation of conserved residues) causes dramatic loss of allosteric activation. Since ADP-
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Figure 18. Alignment of the P103-R115 loop with homologous regions in other ADP-Glc 
PPases. E. coli Pro103–Arg115 loop with flanking a-helix and b-sheet overlayed on top 
of the homologous structures found in other NDP-Glc PPases, which are not allosterically
regulated. The E. coli ADP-Glc PPase (A) is shown with red a-helix, green loop, and 
yellow b-sheet. The other structures that are shown are the CDP-Glc PPase from 
Salmonella enterica (B), the E. coli dTDP-Glc PPase (C), the E. coli UDPGlc PPase (D), 
and the UDP-Glc PPase from Helicobacter pylori (E) (PDB accession codes 1WVC, 
1H5T, 2E3D, and 3JUK, respectively).
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Glc PPase is the only NDP-Glc PPase with this loop, we speculate that it originally 
appeared as an insertion that evolved over time to serve a regulatory role. Another 
example of such an 'insertion' present in ADP-Glc PPases is the C-terminal domain 
(Figure  9).  When the C-terminal domain of the E. coli ADP-Glc PPase was added to the 
Streptococcus mutans UDP-Glc PPase, the resultant enzyme had a partial response to 
activators like FBP. However, the effect was small compared to the change in activity 
seen in WT ADP-Glc PPase.71 As such, the Pro103 – Arg115 loop may be one of the 
necessary, but not solely sufficient, elements for the evolution of allosteric control in this 
enzyme.
The data presented here clearly demonstrates that the Pro103 – Arg115 loop plays 
an important role in the allosteric regulation of the E. coli ADP-Glc PPase.  We propose 
that the Pro103 – Arg115 loop and loops bearing Lys39, Gln74, and Leu25-Gly30 form a 
network of interactions that may help propagate the allosteric signal from the FBP 
binding site to the ATP binding domain. Efforts are currently underway to crystallize 
ADP-Glc PPases in the presence of activator, which we hope will further the 
understanding of allosteric activation in this enzyme.
Materials and Methods
Chemicals and Supplies
Adenosine-5'-triphosphate disodium salt (ATP), Adenosine-5'-monophosphate 
sodium salt (AMP), α-D-glucose-1-phosphate disodium salt (Glc1P), D-fructose-1,6-
bisphosphate tetra[cyclohexylammonium] salt (FBP), sucrose, magnesium chloride 
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(MgCl2), sodium chloride (NaCl), bovine serum albumin (BSA), 3-[4-(2-Hydroxyethyl)-
1-piperazinyl]propanesulfonic acid (HEPPS), 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), ethylenediaminetetraacetic acid (EDTA), 
ammonium molybdate (AM), malachite green oxalate salt (MG), tween-20 (T20), 
nalidixic acid, trisodium citrate, and inorganic pyrophosphatase from yeast (PPtase) were 
obtained from Sigma-Aldrich (St. Louis, MO). Luria broth (LB) media was purchased 
from USA Scientific (Ocala. FL). StrataClone Blunt PCR Cloning Kits were acquired 
from Agilent Technologies (Santa Clara, CA). Mutant primers for the production of E. 
coli ADP-Glc PPase mutants were acquired from Integrated DNA Technologies 
(Coralville, IA) and their sequences are listed in supplemental data. T7 DNA ligase, NEB 
turbo competent cells, Nde1 and Sac1 restriction enzymes and Phusion DNA polymerase 
were purchased from New England Biolabs (Ipswich, MA). Wizard-Plus SV Miniprep 
and Wizard SV Gel and PCR Clean-Up kits were obtained from Promega (Madison, WI). 
The Malachite Green–ammonium molybdate-tween20 (MG-AM-T20) solution used in 
the kinetics assays was prepared as previously described.(Fusari et al. 2006)
Site-directed mutagenesis and protein expression
Site-directed mutagenesis of a pMAB6 plasmid bearing the E. coli ADP-Glc PPase 
gene was performed as previously described51 with few modifications.  All genetic 
sequencing was performed by the University of Chicago Comprehensive Cancer Center 
DNA Sequencing and Genotyping Facility in Chicago, Illinois. Protein expression and 
subsequent purification of enzymes was performed as previously described.51(M. L. 
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Kuhn, Falaschetti, and Ballicora 2009)  Final enzyme purity was estimated at 95% or 
greater for all enzymes as determined by SDS page.72
Enzyme Assays
Activity of ADP-Glc PPase was assayed in the direction of ADP-glucose synthesis 
using the highly sensitive phosphate detecting colorimetric assay developed by Fusari et 
al.73 The unit of enzyme activity (U) is defined as 1.0 micromole of ADP-glucose formed 
per minute. Unless otherwise stated, assay conditions were as follows. In addition to the 
10 µl of dilute ADP-Glc PPase enzyme solution, the reaction mixtures (with or without 
1.5 mM FBP) contained 50 mM Hepes pH 8.0, 10.0 mM MgCl2, 1.0 mM Glc-1P, 1.5 mM
ATP, 1.5 U/ ml inorganic pyrophosphatase, 0.2 mg/ml bovine serum albumin, in a total 
volume of 60 µl. These concentrations define the “standard conditions” mentioned in this 
report. Reactions were initiated by the addition of the diluted enzyme solutions and 
proceeded for 10 minutes at 37°C in a sealed 1.7 ml Eppendorf tube. After this time, 400 
ul of the MG-AM-T20 solution was added to halt the reaction and to induce a color 
change, followed one minute later by the addition of 50 µl of color stabilizing 34% (w/v) 
sodium citrate. Photometry was performed in polystyrene flat-bottom microplates, 
measuring absorbance at 595 nm. For all enzyme assays, a phosphate calibration curves 
were produced for the conversion of absorbance readings to units of specific activity. 
Exceptions to these assay conditions are as follows. For assays varying inhibitor AMP 
concentrations, 0.180 mM FBP was present in assay mixtures. For assays varying MgCl2 
concentration, the protocol was slightly modified since the inorganic pyrophosphatase 
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requires Mg2+. These assays were performed in thin walled glass test tubes instead of 
Eppendorf tubes. After allowing the reaction to proceed for 10 minutes at 37°C, the 
reactions were halted by transferring the glass tubes to a boiling water bath for one 
minute, and they were subsequently placed on ice for one minute. Tubes were then 
transferred to a 37°C water bath at which point 25 ul of a solution containing 50 mM 
Hepes pH 8.0, 15.0 mM MgCl2, 0.2 mg/ml BSA and 10.0 U/ml pyrophosphatase was 
added. After 30 seconds, the solution was mixed by pipetting, and after another 30 
seconds, 400 µl of the MG-AM-T20 solution was added, and the previously described 
protocol was resumed. 
Data was plotted as specific enzyme activity (U/mg) versus substrate or effector 
concentration using the program QTI-plot. Kinetic constants of a modified Hill equation38
V=V0+((Vm–V0) • Cn/(Bn+Cn)), where V0 is the velocity in absence of the substrate or 
effector being analyzed, Vm is the maximal velocity with saturating effector, C is the 
concentration of substrate or effector under study, B is the concentration of substrate or 
effector producing half of the maximal velocity (S0.5), activation (A0.5) or inhibition (I0.5), 
and n is the Hill coefficient. Standard deviations were calculated with the same software. 
The 'fold' change in activity that is reported for the of the assays is defined as Vm/V0. 
Values reported are the mean of at least two to three independent sets of data which agree
within 10% of each other. 
Sequence Alignment of ADP-Glc PPases and Structural Alignment of NDP-Glc PPases
The sequences of known plant and bacterial ADP-Glc PPases were downloaded 
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from the Uniprot website (www.Uniprot.org). Redundant sequences were removed, 
yielding 242 unique sequences. The software used for the alignments was Unipro Ugene 
and the MUSCLE algorithm was used for the fitting.74 The sequence alignment figure 
was produced from the alignment data using QTIplot v.0.9.8.9.  The structural image 
showing the overlap of NDP-Glc PPases was made using Pymol 1.3, and includes the 
structures of the E. coli ADP-Glc PPase and the crystal structure of the E. coli UDP-Glc 
PPase, E. coli dTDP-Glc PPase, Salmonella enterica CDP-Glc PPase, and  Helicobacter 
pylori UDP-Glc PPase (PDB accession codes 2E3D, 1H5T, 1WVC, and 3JUK, 
respectively).67–70
Computational Techniques
The ATP bound E. coli ADP-Glc PPase tetramer exists as a dimer of dimers. Each 
dimer has one ATP-bound and one unbound subunit.1,37 A homology model of a dimer, 
based on the crystal structures of Agrobacterium tumefaciens36 and the potato 
tuber37 ADP-Glc PPases was obtained as previously reported.38 The ATP molecule was 
inherited by modeling from the potato tuber template (1YP3) using Modeler 9.11.38,75 The
adenine ring and ribose ring coordinates were not modified, but two of the phosphates 
were remodeled as follows. Since the β- and γ-phosphate of ATP in the potato tuber 
enzyme are not in a catalytic position (they partially overlap with the Glc1P site,)37 they 
were reconciled to mimic the conformation observed in other sugar nucleotide 
pyrophosphorylases.  This was performed using the structure of TDP-Glc 
pyrophosphorylase76 (1MC3) as template, as was previously described when modeling 
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ATP into ADP-Glc PPases.36,52 The dimer was duplicated here (by rotation about the two-
fold axis) to create the tetramer used for MD studies.  Using the program NAMD 
2.977 with the CHARMM 27 forcefield78 and the NPT ensemble, molecular dynamic 
simulations were performed as previously described with few modifications.79 Following 
equilibration, a 1.5 fs timestep and a Langevin dampening coefficient of 2.0 ps-1 were 
used, and the SHAKE algorithm was applied to all covalent hydrogen bonds. Data from 
the last 15 ns of the 18 ns simulation was used in all analysis.  Unless otherwise noted, 
images in this report show the enzyme 3 ns into the simulation, and all statements made 
on the enzyme structure pertain to both dimers. Analysis of the simulation data was 
performed using VMD.80
Correlated movement analysis of the protein backbone was performed as 
previously described57 with few modifications. In conjunction with VMD,80,81 the program
Carma82 was used to produce a cross correlation matrix, with correlation scores produced 
for each pairwise interaction. Correlation scores (Cij) were defined by Cij = 
‹∆ri(t)·∆rj(t)›  / (‹∆ri(t)2›‹∆rj(t)2›)1/2, with ∆ri(t) = ∆ri(t) -‹∆ri(t – ∆t)› and ri(t) denoting 
positional vector of node i at time t, and ‹...› indicating average values over the course of 
the simulation.  A map showing the differences in correlated movement between ATP-
bound and unbound subunits was made by averaging the correlation data from the two 
ligand free subunits and subtracting it from the averaged correlation data of the two ATP 
bound subunits. The correlation map image shown in this report was prepared using 
QTIplot v.0.9.8.9.  For the pathway analysis,58 the programs subopt and VMD80,81 were 
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used for the determination of network pathways linking ATP and the FBP binding Lys39. 
A network is defined as a set of nodes. Each amino acid of the enzyme was represented 
by a single node. The ATP ligand was represented by three nodes; the adenine ring, ribose
ring, and phosphate tail. Nodes are said to be connected if they were within 4.5 Å of each
other for at least 75% of the simulation.81 Any contacts between sequential (i.e. 
covalently bonded) nodes were not considered in the pathway analysis so as to ignore 
trivial network connections. The length (w) connecting nodes i and j were weighted based
on the correlated movement analysis (described above) with w= –log(|Cij|). The path 
length between two distant nodes is defined as the sum of the weighted lengths traversed 
when connecting them. The shortest (optimal) pathway is reported as the dominant mode 
of communication between the nodes.58 The significance of signaling pathways was 
evaluated by plotting the distribution of path lengths (Figure 10) as previously 
described.83
   
CHAPTER 3
THE PYRUVATE BINDING SITE OF THE 
AGROBACTERIUM TUMEFACIENS ADP-GLUCOSE PYROPHOSPHORYLASE
Introduction
The rate of production of glycogen in bacteria and starch in plants is dependent on 
the activity of  ADP-glucose pyrophosphorylase (ADP-Glc PPase, EC 2.7.7.27). This is 
an allosterically regulated enzyme that catalyzes the reaction between ATP and glucose-1-
phosphate (Glc1P) to form pyrophosphate and ADP-glucose, the latter of which serves as 
the glucose moiety donor for polyglucan synthesis.58,81  Since it serves as a major control 
point for the production of glycogen and starch, which are renewable and biodegradable 
carbon sources, this enzyme has been an attractive enzyme target for protein engineering. 
All known plant and bacterial ADP-Glc PPases are derived from a common 
ancestor and are predicted to share considerable structural similarities. 83 These structural 
features are evident in the previously published structures of the potato tuber84 and 
Agrobacterium tumefaciens1 enzymes. They are tetramers with ~50 kDa subunits, each 
having distinct N-terminal and a C-terminal domains. The C-terminal domain is 
characterized as a left handed parallel β-helix, wheras the catalytic N-terminal domain is 
composed of mostly parallel but mixed seven-stranded β sheet, surrounded by α helices 
(reminiscent of the dinucleotide-binding Rossmann fold).38 Enteric and cyanobacterial 
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enzymes are homotetrameric, whereas those of Firmicutes, unicellular algae, and higher 
plants are heterotetrameric1. In the latter, the two subunit types have similar structure and 
share a common ancestry, although it is sometimes the case that just one subunit type is 
catalytic. In most species, ADP-Glc PPase is allosterically regulated by intermediates of 
the organism's main carbon assimilatory pathway. In the case of the A. tumefaciens ADP-
Glc PPase, it is activated by fructose-6-phosphate (Fru-6P) as well as pyruvate, and it is 
inhibited by ADP and AMP. 
Previous work 37 has suggested that the activator binding site resides between the 
distinct C-terminal and N-terminal domains.  In addition, a previous study revealed that 
the Asp mutant of Gly336 in the Escherichia coli ADP-Glc PPase (homologous to 
Gly329 in the A. tumefaciens enzyme) exists in a pre-activated state, meaning that it has a
kinetic profile similar to the allosterically activated WT enzyme, even without activator 
present. In a novel development towards the production of a genetically modified 
organism for increased crop yield, when the E. coli G336D was transfected into the 
potato plant (Solanum tuberosum), the resulting tubers had, on average, up to 35% more 
starch weight compared to control tubers.14
Here, we report on the activator bound structure of the A. tumefaciens ADP-Glc 
PPase. To the best of our knowledge, this is the first structure to be solved of an ADP-Glc
PPase bound to an activator. We also report on an allosteric variant of the A. tumefaciens 
ADP-Glc PPase, G329D, whose mutation mimics the presence of the activator. We also 
present the structure of the WT enzyme bound to ethylpyruvate, which is a neutral, yet 
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potent activator of the A. tumefaciens ADP-Glc PPase. In addition, we report on a 
structure of the apo WT enzyme, which is of a higher resolution (1.76 Å) and is more 
complete than the previously published structure.36 
Results
General Overview
We have performed previous experiments showing that the P103A mutant of E. coli
ADP-Glc PPase failed to respond to its primary activator, fructose-1-6-bisphosphate 
(FBP).5 As part of our investigation into the allosteric regulation of the A. tumefaciens 
ADP-Glc PPase, we mutated the homologous proline to an alanine, and created the P96A 
mutant.  We found that this enzyme had virtually no response to activator Fru-6P, but it 
retained sensitivity to its other primary activator, pyruvate.  As shown in Table  8 and 
Table  9, pyruvate induces a 4.2 fold increase in Vmax. 
In order to get structural insights into ADP-Glc PPase regulation, we were 
successful in solving the crystal structure of the P96A mutant bound to pyruvate. The A. 
tumefaciens ADP-Glc PPase is a homotetramer, though for purposes of discussion here, it
is convenient to speak of the enzyme as a dimer of dimers, with subunits A and B forming
one dimer, and subunits C and D forming the other (Figure 19). We observed that one 
dimer binds one pyruvate, and it binds at a location where the C-termini of two subunits 
meet (Figure 19). The enzyme complex was processed in the P1 space group with a final 
Rwork/Rfree value of 18.64/21.64, at a resolution of 1.75 Å. In one asymmetric unit, there 
are 5 homotetramers of the enzyme, or 10 dimers, and pyruvate clearly resolves in 9 of 
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these dimers.  To the best of our knowledge, this is the first reported structure of any 
ADP-Glc PPase that is bound to an allosteric activator. 
In addition, we also obtained a structure of the WT enzyme bound to ethylpyruvate 
which, in vitro, is another effective activator of this enzyme (Table 10). The 
WT:Ethylpyruvate complex was also processed in the P1 space group with Rwork/Rfree 
value of 15.48/19.80 at a resolution of 1.76 Å. Electron density clearly indicates that 
ethylpyruvate is present in all 10 dimers of the asymmetric unit. Finally, we obtained a 
structure of the WT enzyme with no activator bound. Again, this was processed in the P1 
space group with a  Rwork/Rfree value of 18.92/23.61. 
Table 8. Comparison of the Vmax and FBP A0.5 values for wild-type and mutant A. 
tumefaciens ADP-Glc PPases.
Fold
n Increase
WT  0.092 ± 0.007 2.21 ± 0.31  9.11 ± 2.84  83.39 ± 1.81 9.2
K43A 0.833 ± 0.421 0.95 ± 0.21 1.23 ± 0.54 1.71 ± 1.19 1.4
P96A 0.111 ± 0.020 1.02 ± 0.16 10.48 ± 0.9 43.9 ± 2.28 4.2
G329D 0.180 ± 0.011 1.77 ± 0.12 71.52 ± 0.07 75.66 ± 0.06 1.1
Fold
n Increase
WT 0.170 ± 0.010 2.36 ± 0.13 8.74 ± 0.73 89.82 ± 1.00 10.3
K43A 0.325 ± 0.097 1.28 ± 0.49 1.64 ± 0.81 8.91 ± 0.65 5.4
P96A 0.069 ± 0.001 1.74 ± 0.01 11.54 ± 0.07 11.81 ± 0.03 1.0
G329D 0.074 ± 0.008 1.35 ± 0.17 74.16 ± 0.15 78.01 ± 0.11 1.1
Pyruvate  A0.5 V0 Vmax
F6P  A0.5 V0 Vmax
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Table 9. Comparison of the Vmax and ATP S0.5 affinities for wild-type and mutant A. 
tumefaciens ADP-Glc PPases
Table 10. Kinetic parameters for the ethylpyruvate activation curves of the WT A. 
tumefaciens ADP-Glc PPase.
General Structure of the WT A. tumefaciens ADP-Glc PPase
 Overall, our structure of the A. tumefaciens ADP-Glc PPase is very similar to the 
previously published one36  When the α-carbons of our pyruvate-bound, ethylpyruvate-
bound, and apo enzyme structures were aligned with the previously published structure 
(using pymol v1.3), RMS deviations of backbone α-carbons were just 0.31 Å,  0.22 Å, 
n
WT 0.159 ± 0.006 2.63 ± 0.23 9.76 ± 1.02 77.48 ± 1.27 7.9
Ethyl- 
pyruvate A0.5 V0 Vmax
Fold 
Increase
n
WT (no activator) 11.63 ± 0.27 0.22 ± 0.01 1.83 ± 0.11
+ 1.5 mM F6P 93.01 ± 1.87 0.078 ± 0.004 1.63 ± 0.14
+1.5 mM Pyr 85.51 ± 2.05 0.13 ± 0.01 2.23 ± 0.26
P96A (no activator) 9.31 ± 0.30 0.35 ± 0.02 1.67 ± 0.12
+ 1.5 mM F6P 10.37 ± 0.52 0.35 ± 0.03 1.59 ± 0.16
+1.5 mM Pyr 43.28 ± 1.78 0.23 ± 0.02 1.70 ± 0.21
G329D (no activator) 69.54 ± 2.71 0.19 ± 0.02 1.5 ± 0.21
+ 1.5 mM F6P 72.67 ± 1.4 0.034 ± 0.002 1.51 ± 0.15
+1.5 mM Pyr 66.64 ± 2.37 0.18 ± 0.02 1.72 ± 0.25
Vmax ATP  S0.5
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and  0.29 Å, respectively.  However, in addition to being of higher resolution (at 1.76 Å), 
the structure of our apo WT enzyme is more complete than the previously published one. 
Namely, we resolve more of a loop structure that is formed by residues 96 through 108 
which has been implicated with enzyme regulation14. In the previous structure, residues 
99-105 and 226-235 are not shown. Although our structure also fails to resolve some of 
these residues, it is more complete. Importantly, it clearly resolves residues at the 
flanking ends of the previously missing residue 99-105 region. Namely, residues 96 and 
97 at the N-end of this loop deviate in a direction that is nearly 180° from what was 
previously reported.  We also observed inconsistencies regarding the modeling of the C-
end of this loop. Specifically, where we see a clearly defined side chain of Tyr107, this 
span of electron density was previously modeled as a backbone region. The proper 
modeling of this loop is important because Tyr107 may be involved with ATP binding 
and allosteric regulation35 In addition to this, a loop spanning residues 225-236 also 
resolves in our WT apo enzyme structure, although this region's significance has yet to be
explored.
The Pyruvate Binding Region
Each dimer of the A. tumefaciens ADP-Glc PPase binds one pyruvate molecule. 
As was indicated, each subunit of the A. tumefaciens ADP-Glc PPase has a distinct N-
terminal and C-terminal domain. The pyruvate binding site sits at a crevice between them
and, as is shown in Figure 19 and Figure 20, and it also resides where the C-terminal 
domains of subunits A and B stack on top of each other. One striking feature about the 
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pyruvate binding region is that it marks a point where residues of subunit A lie in close 
proximity to like-numbered residues of subunit B.  This is demonstrated by, for example, 
the interactions that occur between the planar pyruvate molecule and the peptide bonds of
Ser328 and Gly329 (Figure 20). This configuration likely involves pi-pi interactions 
between the planar pyruvate molecule and the Ser328/Gly329 peptide bonds. The planes 
formed between the pyruvate molecule and the peptide bonds are approximately 17º and  
11º degrees for subunits A and B, respectively, and the distance of pyruvate to each of 
these planes (represented by the average measurement of each pyruvate atom to the 
planes) was 3.1 Å and 3.2 Å for subunits A and B, respectively (as measured using the 
program UCSF Chimera v1.10.2). Pyruvate is interposed between the peptide bonds in 
such a way that the dipole moments of the peptide bond match the dipole moments 
present within pyruvate. This is illustrated in Figure 21. In addition to interacting with 
pyruvate, the planarity of the Ser328/Gly329 peptide bonds is enforced by other 
interactions with nearby residues. This includes a hydrogen bond between the backbone 
oxygen of Ser328 and sulfur of Cys331 (Figure 22). These distances between these atoms
are 3.3 Å and 3.6 Å for subunits A and B, respectively.  This sulfur atom also comes 
within 3.2 Å and 3.1 Å of Phe344 in subunits A and B. The backbone oxygen of Gly329 
forms a hydrogen bond with the backbone nitrogen of Gly346 (3.6  Å and 2.8 Å for 
subunits A and B) (Figure 22). These interactions of these residues, both with pyruvate 
and each other, show the importance of the left handed parallel β-helix in
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Figure 19. Crystallographic structure of the A. tumefaciens ADP-GlcPPase bound to 
pyruvate. The tetrameric enzyme can be considered a dimer of dimers, with one dimer 
shown in cartoon format (subunits A and B), and the other in surface format (subunits C 
and D). Pyruvate is shown in spheres, with carbons colored green, and oxygens colored 
red.
Figure 20. Stereo image of the pyruvate binding region of the A. tumefaciens ADP-Glc 
PPase. The ligand sits between two separate dimers, shown in tan and gray.
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Figure 21.  Alignment of peptide bond dipoles with the structure of pyruvate. The dipoles
of the pyruvate molecule align consistently with the peptide bond dipole moments.
Figure 22. Hydrogen bond interactions that may help to stabilize the local architecture of 
the pyruvate binding region.
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 maintaining the architecture of the pyruvate binding site.
Lys43 from both subunits A and B also interacts with pyruvate. From subunit B, 
Lys43 forms a hydrogen bond with pyruvate via a bidentate interaction with the 
carboxylate oxygens (Figure 20).  From the other subunit, the amino group of its Lys43 
forms a hydrogen bond with the ketone oxygen (Figure 20). This binding pattern was 
observed in most of the 18 pyruvate-bound subunits that are observed in the crystal 
structure, with the exception of chains b, f, and t, where these lysines are not shown 
contacting pyruvate.  The ε-carbon of this lysine also comes within 3.2 Å of one of 
pyruvate's carboxylate oxygens. This contact distance is within the van der Waal radii 
limit, indicating tight contact.85 
The distance from subunit A's Thr306 backbone oxygen to subunit B's Lys43 side 
chain nitrogen is 2.5 Å, and this distance is 2.6 Å for the equivalent interaction involving 
Thr306 of subunit B and the Lys43 of subunit A. It is possible that this interaction helps 
to orient the position of the Lys43 side chain. Additionally, the side chain oxygens of 
Thr306 from both subunits A and B come within 3.6 Å of one of the pyruvate carboxylate
oxygens, forming a hydrogen bond.    
Pro307 and Pro308 form a hairpin turn that marks the beginning of the C-terminal 
domain. One of the pyruvate carboxylate oxygens of pyruvate comes within 3.0 Å of the  
subunit B's Pro308 α-carbon , and within 3.3 Å of the backbone oxygen of Pro307.  The 
ketone oxygen of pyruvate comes within 3.6 Å of the subunit A's Pro308 α-carbon, and 
within 4.1 Å of the backbone oxygen of Pro307. Also in this vicinity, there is a hydrogen 
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bond between the Pro307 oxygen and the Asp330 nitrogen. This is one of the first 
hydrogen bond interactions that characterize the parallel β-helix of the C-terminal 
domain. Given this location as well as the proximity to important residues like Gly329 
and Ala309, this hydrogen bond could be important in maintaining the general 
architecture of the pyruvate binding site.
The methyl group of pyruvate also makes close contact with several residues. In 
addition to coming within 3.7 Å and 3.3 Å of the previously mentioned peptide bond 
between Ser328 and Gly329 from subunits A and B, respectively, it comes within 3.5 Å 
and 3.6 Å of the backbone oxygens of Val327 of these subunits.  It also comes within 4.1 
Å of subunit A's Ala309 methyl group, and within 4.0 Å of subunit B's Ala309 methyl 
group.
Ethylpyruvate-Bound WT ADP-Glc PPase
Ethylpyruvate was found to be an effective activator of the A. tumefaciens ADP-
Glc PPase in vitro (Figure 23). Although ethylpyruvate has a higher A
0.5
 compared to that 
of pyruvate (0.16 mM vs. 0.09 mM), they both yield similar Vmax values, at approximately
80 U/mg each. In the crystal structure of the ethylpyruvate-bound WT enzyme, the 
overall binding pattern of ethylpyruvate is very similar to that of pyruvate. The only 
significant difference between the structures is the presence of the ethyl moiety.  It 
projects outwards towards a relatively open space that is found between the A and B 
subunits. Nonetheless, it does form some close interactions with the protein. The ethyl 
group comes within 3.1 Å and 3.5 Å of the amino nitrogens and ε-carbons of Lys43 from 
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subunits A and B, respectively. It also comes within 3.2 Å of the backbone oxygen of 
Thr306 from the A-subunit, within 4.0 Å of this Thr306 γ-carbon, and within 3.8  Å of 
the backbone oxygen of Glu304. Otherwise, the interactions between protein and the 
pyruvate portion of ethylpyruvate are entirely consistent with those that are observed in 
the pyruvate bound enzyme (Figure 20 and Figure 24).
Lys43: Critical for Pyruvate-Derived Allosteric Activation
In order to help verify our crystallographic structures, we used site directed 
mutagenesis to confirm our findings. As mentioned, Lys43 from both subunits A and B 
form hydrogen bond interactions with pyruvate. In an effort to investigate the importance 
of this residue, we generated the K43A mutant. In the absence of activator, and under 
standard conditions, K43A has an activity of 1.5 U/mg.  Upon the addition of 1.5 mM 
pyruvate, specific activity does not significantly increase (reaching just 1.6 U/mg). 
However, K43A retains significant sensitivity to the other activator of A. tumefaciens 
ADP-Glc PPase, Fru-6P.  With 1.5 mM Fru-6P, the activity increases over 6 fold 
compared to the unactivated K43A (versus 10 fold for WT; Table  8).
G329D: A Pre-Activated Mutant
We used Pymol v1.3 to generate a model of A. tumefaciens G329D ADP-Glc 
PPase.  When this was done, the negatively charged carboxylates of the novel aspartate 
residues overlapped with the position of the bound pyruvate molecule (Figure 25). We 
produced and characterized the A. tumefaciens G329D mutant. The kinetic profiles of the 
pyruvate-activated WT enzyme and the G329D mutant without the pyruvate are similar 
    75
(Table  8). Namely, the unactivated G329D mutant has a Vmax of approximately 70 U/mg, 
and that of the pyruvate-activated WT enzyme is approximately 80 U/mg.  Fru-6P also 
does not appear to cause any significant increase in Vmax for this pre-activated mutant 
(Table  8). 
Discussion
ADP-Glc PPase plays a vital role in the production of the most abundant 
polyglucans in the world, starch and glycogen. For this reason, it is important to obtain a 
complete understanding of how this enzyme is allosterically regulated. Despite seeing 
drastic changes in substrate affinities and specific activities upon the addition of allosteric
activators, it is not known how they exert their effect. Moreover, it was not known where 
these powerful effectors bind to the enzyme. A key to any structure-function relationship 
would be to identify the ligand binding site. Here, we present our findings on the 
pyruvate-bound ADP-Glc PPase which, to the best of our knowedge, is the first structure 
of an activator-bound ADP-Glc PPase to have been solved. 
The Pyruvate Binding Region: A Tightly Bound Ligand
Previous research into ADP-Glc PPases has consistently indicated that the 
activator binding region resides somewhere between a subunit's distinct C-terminal and 
N-terminal domains.36  As shown in Figure 19, our work is consistent with this 
hypothesis.  We observed that most of the pyruvate-protein interactions involve the C-
terminal domain (Figure 20), with the exception of the N-terminal Lys43. Previous work 
has indicated that the C-terminal domain of the A. tumefaciens plays some role in 
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pyruvate binding.35  We found that the pyruvate binds near the dimer interface where the 
C-terminal domain of each subunit (A and  B) stack on top of each other.  Moreover, it 
marks a location where residues of subunit A sit near like numbered residues of subunit 
B. This is illustrated in Figure 20 where, for instance, from both A and B subunits, the 
amino groups of Lys43, which is a residue that we found to be critical for allosteric 
activation (Table  8), were found to form hydrogen bonds with the pyruvate oxygens. The
planar pyruvate molecule also appears to form pi-pi interactions as it stacks between the 
peptide bonds of Ser328 and Gly329 of both subunits (Figure 20). Moreover, the dipole 
moments of the separate Ser328/Gly329 backbones (from subunits A and B) align 
uniquely with the pyruvate ligand. This is shown in Figure 22. The local geometry that 
enforces this geometry is likely supported by other hydogen bonds in this region. This 
includes backbone interactions of Gly329 with Gly346 and sulfur of Cys331 (both part of
the C-terminal left-handed parallel beta helix). This sulfur also makes a number of other 
hydrogen bond interactions, including the backbone oxygen of Ser328, as well as Phe344
and Val347. These are shown in Figure 22. This cysteine is highly conserved, at nearly 
75%, with serines making up another 11% of observed residues, and therefore may be an 
important residue for maintaining the local geometry.
Because this molecule binds between two subunits of a dimer at a location where 
like-numbered residues appear to line up, it is logical to assume that the residues from 
each subunit interact with the pyruvate in a symmetrical manner. However, this is not the 
case. For instance, although both Lys43 from subunits A and B interact with pyruvate,
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one lysine (from subunit A) interacts with its carboxylate oxygens, whereas the lysine of 
subunit B interact with its ketone oxygen. However, a type of pseudo-symmetry does 
exist. As was performed using UCSF Chimera v1.10.2, if an axis is drawn through the 
pyruvate molecule from its methyl carbon to its carboxyl carbon, and pyruvate is flipped 
180° about this axis, then the situation is reversed with, for instance, the Lys from subunit
B interacting with its carboxylate oxygens, and that of the A subunit interacts with the 
ketone oxygen. That is to say, when comparing the electronic densities of the original and
flipped pyruvates, they are similar.  A specific orientation of bonds is critical, but here, 
we show that an allosteric site may only need to satisfy a certain shape and electronic 
distribution. For pyruvate this is important here because two different orientations will 
satisfy it, increasing its entropy and their binding affinity.86 
Indeed, pyruvate fits into its binding domain tightly. In addition to the 
aforementioned interactions with Lys43 and the tight stacking between Ser328 and 
Gly329, several other residues make close contact with the molecule. Also, the amino 
group of subunit A's Lys43 interacting with the carboxyl group of pyruvate, its ε-carbon 
of this Lys also makes close contact (3.2 Å) with these pyruvate oxygens. This contact 
distance is within the van Der Waal radii limit, indicating tight contact.85 Furthermore, in 
both the A and B subunits, the side chain of Lys43 comes within 2.6 Å of the backbone of
Thr306, and it is possible that this interaction helps to maintain the position of Lys43. 
Moreover, the hydroxyl oxygen of of subunit B's Thr306 comes with  3.7 Å of pyruvate's 
carboxyl oxygen (this distance is  4.0 Å for subunit A's Thr306).
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Given the structural properties of prolines, Pro307 and Pro308 are probably 
important in maintaining the architecture of the Pyr binding site. These residues form a 
hairpin turn that marks the beginning of the C-terminal domain and, furthermore, one of 
the carboxylate oxygens of pyruvate packs tightly (within 3.2 Å) against the α-carbon of 
Pro308. Next to Pro308 is Ala309 and the distance between the methyl carbons of 
pyruvate and Ala309 of subunit A is  3.7 Å (and 4.2 Å for that of Ala309 in subunit B). 
This region could be important for forming tight hydrophobic interactions between 
pyruvate and the enzyme. In this region, the side chain of Ala309 and the propyl group of 
Val327 come within 3.9 Å of each other (applying to both subunits A and B).  These, in 
turn, form close contacts with several other hydrophobic residues that line the inside of 
the parallel β-helix. Although these interactions do not directly involve the methyl group 
of pyruvate, it could nonetheless help to promote a hydrophobic environment to which 
the methyl group of pyruvate orients. The notion that the methyl group helps to anchor 
the ligand is supported by the results of kinetic assays involving glyoxylate, which is a 
pyruvate mimetic lacking the methyl group. Despite having an overall similar structure to
pyruvate, glyoxylate induces no noticeable increase in either Vmax or substrate affinity 
for the A. tumefaciens ADP-Glc PPase (data not shown).   Therefore, despite being a 
charged molecule, the hydrophobic methyl group of pyruvate seems to be important for 
anchoring this ligand.
Ethylpyruvate-Bound WT ADP-Glc PPase: Binding of a Neutral Activator
We also obtained a structure of the enzyme bound to ethylpyruvate, which is a 
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strong activator of the A. tumefaciens ADP-Glc PPase in vitro (Table 10). Despite the fact
that pyruvate does appear to bind tightly to the enzyme, the ethyl group of ethylpyruvate 
is able to project outwards towards a relatively open space that is found between the A 
and B subunits. 
The ethyl group comes within 3.5 Å or less of the  amino nitrogens and ε-carbons 
of Lys43 of both subunits. However, most of the interactions were just with subunit A, 
and include close proximity to the backbone oxygen and  γ-carbon of Thr306 (3.2 Å and 
4 Å, respectively), and it is within 3.8  Å of the backbone oxygen of Glu304. Otherwise, 
the interactions between protein and the pyruvate portion of ethylpyruvate are entirely 
consistent with those that are observed in the pyruvate bound enzyme (Figure 20 and 
Figure 24).
Because the allosteric response to pyruvate was virtually eliminated in the K43A 
mutant, we initially assumed that electrostatic interactions between the protein and 
pyruvate were critical. However, ethylpyruvate is a neutral molecule and yet it still 
activates the enzyme. In the ethylpyruvate bound crystal structure, Lys43 from both 
subunits occupy a similar position to that seen in the pyruvate-bound complex, with 
amino groups interacting with ethylpyruvate's oxygens. If the side chain of Lys43 does 
play a direct role in binding pyruvate, then this would suggest that it is hydrogen bond 
interactions that are crucial for stabilizing this ligand. 
G329D: A Unique Enzyme
  In the E. coli ADP-Glc PPase, it was previously found that mutating Gly336 
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(homologous to the A. tumefaciens Gly329) to an aspartate yielded an enzyme that 
existed in a pre-activated state. Moreover, when this gene was transfected into the potato 
tuber, it was found that the plants had, on average, over 30 percent higher starch content 
compared to control lines (which received the E. coli WT ADP-Glc PPase gene).14 At the 
time of both of these studies, it was not known why this enzyme had such a unique 
kinetic profile. 
We used Pymol v1.3 to generate the G329D mutant in silico.  When this was 
done, the carboxylate groups of this new Asp residue from both subunits A and B lined up
remarkably well with the position of where pyruvate binds. With this in mind, we 
produced and characterized the G329D mutant. Indeed, this mutant was found to exist in 
a pre-activated state. In the absence of any allosteric activator, this mutant has a kinetic 
profile similar to the activated WT enzyme (Table  8 and Figure 26).  Given this finding, 
we suggest that the negatively charged Asp residues effectively mimic the actions of a 
negatively charged pyruvate residue, leaving the mutant in a hyperactive state. 
Identifying a Communication Pathway Between Pyruvate and Substrate ATP
The apparent involvement of Lys43 in the allosteric response of the A. 
tumefaciens ADP-Glc PPase suggests that residues that it contacts are important in 
transmitting the allosteric trigger from the pyruvate binding domain to the ATP binding 
domain.  Lys43 sits just downstream from a “xRAKPAV” sequence formed by resides 32-
38 that has been extensively associated with the allosteric response of ADP-Glc PPases.
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Figure 23.  Pyruvate and Ethylpyruvate saturation curves. Experiments were performed 
as described in materials and methods. As can be seen, ethylpyruvate is a potent activator 
of the enzyme in vitro.
Figure 24. Stereo image of they ethylpyruvate binding region of the A. tumefaciens ADP-
Glc PPase. The ligand sits between two separate dimers, shown in tan and gray.
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Figure 25. Model of G329D mutant, made using Pymol v1.3. Pyruvate is shown in 
surface format.
Figure 26. Pyruvate and Fru-6P saturation curves for the A. tumefaciens ADP-Glc PPase 
WT and G329D and K43A mutants. As can be seen, G329D is a pre-activated mutant, 
whereas K43A fails to respond to either activator.
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 Mutations to these residues yields enzymes with a significantly diminished allsoteric 
response. 36 
In the previously published crystal structure of ADP-Glc PPases from the A. 
tumefaciens and potato tuber revealed sulfate molecules bound between the C-terminal 
and N-terminal domains. It had previously been suggested that these sulfates demark the 
area of the activator binding site.36,37 Lys43 is near Arg45, and when an alignment of the 
A. tumefaciens and potato tuber enzymes is made, it is apparent that Arg45 sits between 
the two sulfates that lie between the N-terminal and C-terminal domains. The 
homologous residue in the E. coli enzyme, Arg52, was shown to be critical for the 
enzyme's allosteric response (Data not shown).  
We also used the results of a molecular dynamics simulation on the pyruvate-
bound enzyme to help find possible pathways of communication between pyruvate and 
substrate ATP. As was previously indicated, the tetrameric enzyme can be described as a 
dimer of dimers, with pyruvate in between the C-terminal domains of the dimer subunits, 
and one ATP bound to one of the subunit dimers. For each dimer, the optimal pathway of 
communication (as determined using the previously described Dynamical network 
analysis81) that links pyruvate and ATP was determined. When this was done, it was 
found that several of the residues of the pathway involved residues near Arg45. In 
addition, it also involved residues near Gln67, which, based on mutations to the 
homologous residue in both the A. tumefaciens and potato tuber enzymes,38,55 is another 
residue that is critical for the enzyme's allosteric response.  These pathways are shown   
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Figure 27. Optimal communication pathways linking pyruvate and the adenine ring of 
ATP. The enzyme can be considered a dimer of dimers, with one ATP and one pyruvate 
per dimer. The pathways for both ATP-bound subunits are shown. The residue types of 
the indicated amino acids are listed in Table 11.
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 in Figure 27, and the involved residues are listed in Table 11. Because some of these 
residues have been shown to be important for allosterism, this analysis could point to a 
direct channel of communication between the allosteric and substrate binding sites. 
Nonetheless, other residues, including those of the aforementioned “xRAKPAV” 
sequence (just downstream from Lys43) could also play a role.
Table 11. Optimal communication pathways between pyruvate and the adenine ring of 
ATP. These communication pathways were determined as described in Materials and 
Methods. The enzyme can be considered a dimer of dimers, and the pathways of each 
dimer are shown.
Optimal Pathway Homologous
From Pyruvate
to ATP (dimer I) Number
Pyruvate
Ser328  335
Gly42 49
Ala44 51
Asp48 55
Leu51  58
Val17  24
Ala65 72
ATP
Optimal Pathway Homologous
From Pyruvate
to ATP (dimer II) Number
Pyruvate
Lys43 50
Arg45 52
Ile47 54
Val64 71
Leu95  102
Tyr107  114
ATP
E. coli Residue
E. coli Residue
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Conclusion
We have established the location of the pyruvate binding site. It confers with 
previous research indicating that it resides between the C-terminal and N-terminal 
domains of the enzyme 35,39.  Specifically, our work confirms that the binding domain of 
the A. tumefaciens allosteric activator pyruvate resides inside the cleft between the 
distinct N-terminal and C-terminal domains, at a point where the two C-terminal domains
from subunits A and B stack on top of each other (Figure 19).  The kinetic results of the 
pre-activated G329D mutant support crystallographic data in pinpointing the location of 
the pyruvate binding site (as do the results of the K43A mutant).  The dynamical network 
analysis that was performed on the molecular dynamics simulation of the pyruvate-bound
enzyme may point to a communication pathway between pyruvate and ATP, and many of 
the pathway residues have been implicated with the enzyme's allosteric response. The 
fact that K43A responds to Fru-6P and not pyruvate, and that P96A responds to pyruvate 
and not Fru-6P, helps to further the notion36,37,54 that there are distinct binding regions for 
pyruvate and Fru-6P. Further research is underway to firmly identify the Fru-6P binding 
site.  
   
CHAPTER 4
IDENTIFICATION OF THE FRUCTOSE-1,6-BISPHOSPHATE BINDING SITE IN
ESCHERICHIA COLI ADP-GLUCOSE PYROPHOSPHORYLASE THROUGH
COMPUTATIONAL AND SITE DIRECTED MUTAGENESIS STUDIES
Introduction
ADP-glucose pyrophosphorylase (EC 2.7.7.27; ADP-Glc PPase) plays a critical 
role in the production of glycogen and starch in bacteria and plants, respectively.  This 
enzyme is the primary producer of ADP-glucose (ADP-Glc), which, upon the action of 
glycogen synthase, donates a glucose moiety to extend the growing polyglucan 
molecules. ADP-Glc PPases are allosterically regulated by cellular metabolites that are 
indicators of a high or low energy status. For instance, the  Escherichia coli ADP-Glc 
PPase is activated by Fru16BP, a glycolysis intermediate, and is inhibited by AMP. 
Because this enzyme plays such a crucial role in the synthesis of glycogen and starch, 
which are important reserve polysaccharides, it is important to develop a complete 
mechanical understanding as to how this enzyme is regulated. Despite extensive research 
that has gone into ADP-Glc PPases,1,5 the molecular mechanism of its allosteric 
regulation is not fully known, and the Fru16BP binding site has not been conclusively 
identified.
Based on the specificity of ADP-Glc PPases for different allosteric regulators, 
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ADP-Glc PPases have been classified into ten different groups.1,5 For example, class I 
enzymes are activated by Fru16BP, and are typically from enteric bacteria like E. coli. 
Those that are activated by 3-phosphoglycerate (3PGA) are class VIII, and derive from 
plants. A more thorough description of the different classes can be found elsewhere.1,5 All 
known ADP-Glc PPases are tetramers. Bacterial enzymes are homotetrameric (α4), with 
subunit masses of approximately 50 kDa. Those from plants are heterotetramers (α2β2), 
with both subunits derived from a common ancestor and similar mass. With 
homotetrameric ADP-Glc PPases, it is often the case that just one subunit type is 
catalytic, with the other thought to serve a more regulatory role. Although most ADP-Glc 
PPases are allosterically regulated, the E. coli ADP-Glc PPase sees some of the most 
dramatic changes in its kinetic profile upon the addition of Fru16BP, with specific 
activity increasing 30 fold  or more with significant increases in apparent substrate 
affinity,35 thus making it a prime candidate for the study of allosteric regulation. 
The crystal structures of two ADP-Glc PPases have been solved. One is from 
Agrobacterium tumefaciens,36 and the other from the potato tuber.37 The two enzymes 
share remarkable structural similarity. In each, two domains are present in each subunit. 
The N-terminal domain is catalytic and has features reminiscent of a dinucleotide-binding
Rossmann fold, and the C-terminal domain adopts a left-handed parallel beta helix 
(Figure 28).  The Escherichia coli ADP-Glc PPase has significant sequence similarity 
with the A. tumefaciens enzyme (over 50%), and this enabled the construction of a high-
quality homology model of the E. coli ADP-Glc PPase.38
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Several studies have suggested that the allosteric activator(s) of ADP-Glc PPases 
resides somewhere between these two domains.36,37,54 By analyzing this prior research and
combining it with the available structural data, we initiated molecular dynamics 
simulations with the intent of better locating the Fru16BP binding site in the E. coli 
enzyme. Based on these results, site directed mutagenesis was performed on select 
arginine, lysine, and histidine residues that we observed contacting the activator. These 
results may be influential in identifying the activator binding site.
Materials and Methods
Enzyme Production, Purification, and Analysis
All procedures regarding the production, purification, and analysis of ADP-Glc 
PPases studied here are identical to that which is described in Chapter 2 of this thesis. In 
addition to the WT enzyme, R40A, H46A, R50A, R52A, R52K, R130A, R353A, R383A,
and R419A were produced. The kinetic assays include ATP, Glc1P, Fru16BP, and AMP 
saturation curves, and were performed and analyzed exactly as described in Chapter 2 of 
this work.
Molecular Dynamics Simulations
Using the programs VMD and NAMD,77,80 a 10 ns molecular dynamics simulation
was performed on the ATP-bound E. coli enzyme as previously described,35 with the 
following modifications. Parameters for the HBP ligand were obtained from the website 
SwissParam.87  After aligning the E. coli enzyme to the sulfate-bound A. tumefaciens and 
potato tuber crystal structures, the phosphates of HBP were aligned with the positions of 
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the sulfates that are found between the C-terminal and N-terminal cleft. A preliminary 
15,000-step energy minimization of the system was peformed, with the protein backbone 
and the phosphate groups of HBP kept fixed. A subsequent 10,000-step energy 
minimization was peformed with just protein backbone fixed. This system then served as 
the model for the 10 ns simulation.  All molecular images presented here were produced 
using Pymol v1.3.88 
A 'dynamical network analysis' was performed on the MD simulation. A complete 
description of this analysis can be found elsewhere,81 but a synopsis is now described. In 
this analysis, each protein residue and each ligand are treated as a 'node.'  If a node is 
within 4.5 Å for 75% of the simulation, a line (or “edge”) is drawn between the nodes, 
although lines are not drawn between two consecutively numbered protein residues, as to 
avoid trivial connections. The extent of correlated movement is analyzed and scored. If 
there is strongly correlated movement between two nodes, then it receives a higher score, 
and vice versa. This series of lines and nodes makes up the network. Pathways can be 
drawn along the network lines from one residue to another. When drawing connections 
from one distant node to another, the pathway with the strongest degree of correlated 
movement is said to be the “shortest” or “optimal” communication pathway. ATP was 
divided into three nodes, represented by the phosphate tail, the ribose ring, and the 
adenine ring. 
Only pathways between HBP and the adenine ring of ATP were analyzed, for the 
following reason. The E. coli ADP-Glc PPase can accept other nucleotides besides ATP 
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for catalysis, such as uridine triphosphate (UTP), cytidine triphosphate (CTP), inosine 
triphosphate (ITP), etc. However, prior research (explained in Chapter 5 of this 
document) has shown that the identity of nitrogenous ring of the nucleotide is critical for 
both catalysis and, most notably, allosteric regulation. Furthermore, mutations to several 
residues that are believed to be within close proximity of the adenine ring, including 
Gln74, Trp113, Tyr114, and others, yields mutants that have diminished allosteric 
response.35,38 
The E. coli ADP-Glc PPase is a tetramer, but it can be said to exist as a dimer of 
dimers (dimer I and dimer II). The two monomer subunits of each dimer are labeled 'A' 
and 'B', with one ATP bound to subunit A. As represented here, there are two HBP 
molecules, with one in close proximity to subunit A (“HBP-a”) and the other HBP being 
closer to subunit B (HBP-b). For each dimer, the optimal pathways between the ATP and 
each of the two HBP molecules were determined. 
Results
MD Studies and Kinetic Analysis
During the 10 ns MD simulation, the phosphate atoms of HBP were found to 
maintain a position that is consistent with the location of phosphate molecules found in 
the crystal structures of the A. tumefaciens and potato tuber ADP-Glc PPases. Several 
residues maintained contact with these phosphate groups for essentially the entire 
simulation. These include Arg40, His46, Arg50, Arg52, His83, Arg130, Arg353, Arg383, 
and Arg419. Site directed mutagenesis was performed on these residues (with the 
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exception of His83, which has been previously studied89), producing eight alanine 
mutants. Of these, R130A, R50A, R353A, and R419A were found to have kinetic profiles
similar to the WT enzyme. This is shown in Table 12. However, R40A, H46A, R52A, and
R386A (Figure 29) were found to have kinetic profiles primarily characterized with either
a diminished or totally absent lack of response to allosteric activator. Whereas the WT 
enzyme sees over a 30-fold increase in Vmax upon the addition of Fru16BP (Table 13), 
there is virtually no change in Vmax observed for R40A and R52A, with H46A and R386A 
seeing less than a 6.5 fold increase. Also, while the WT enzyme sees over a 15-fold 
increase in apparent ATP affinity, there is, at most, less than a 2-fold shift seen for this 
group of mutants (Table 12). These mutants were also more resistant to AMP inhibition, 
as indicated in Table 14.  Although the AMP I
0.5
 values were similar or even lower than 
the WT enzyme, they retain comparatively more of their activity with respect to the WT. 
For example, with saturating AMP, R52A retains nearly 80% of its original activity, 
compared to just 5% for the WT enzyme.
A dynamical network analysis (described elsewhere81 and summarized in the 
Materials and Methods section of this report) was performed on the MD simulation, with 
the intent of determining optimal network pathways between the HBP molecules and 
ATP.  The model was produced showing one HBP molecule bound to each subunit. As 
was mentioned, the tetrameric ADP-Glc PPase can be considered a dimer of dimers 
(dimer I and dimer II), with each dimer being made up of subunit 'A' and subunit 'B'. 
There is one HBP in close proximity to the ATP-bound 'A' subunit (HBP-a), and the other
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Figure 28. Structural alignment of the potato tuber ADP-Glc PPase (red) and the A. 
tumefaciens ADP-Glc PPase (blue). There is remarkable overlap between the two 
structures.
Figure 29. Schematic of the HBP binding region that was observed during the molecular 
dynamics simulation. In the initial construction of the HBP-bound model, the phosphates 
of HBP (shown in purple spheres) were aligned to the sulfates that were observed in the 
crystal structures of the potato tuber ADP-Glc PPase (orange) and the A. tumefaciens 
ADP-Glc PPase (cyan). For reference, a loop formed by residues 25-33, 34-41, and 103-
115 are colored blue, yellow, and red respectively.
    94
Figure 30.  Optimal communication pathway linking HBP-a to the adenine ring of ATP.  
The pathways for both dimers are shown. The adenine head of ATP is shown as a purple 
ring, and the C3 carbon of HBP is shown as an orange sphere.
Figure 31. Optimal communication pathway linking HBP-b to the adenine ring of ATP. 
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 HBP is in closer proximity to the 'B' subunit (HBP-b). For each of the two dimers, 
pathways between ATP and HBP-a were determined, as were pathways between ATP and 
HBP-b. 
The results of this analysis are illustrated in Figure 30 and Figure 31, and the 
optimal pathway residues are listed in Table 15. The optimal pathway linking HBP-b and 
ATP that was determined for dimer I was remarkably similar to the pathway found for 
dimer II (Figure 31). Many of these have been (or are near) residues that have previously 
been implicated with allosteric regulation and include His8389, residues near Gln7438, and 
Arg115.35
On the other hand the pathway between HBP-a and ATP for dimer I differed from 
the pathway found for dimer II.  This is shown in Figure 30. This could suggest that there
are two channels of communication between this HBP and ATP. Importantly, the residues 
of each pathway are (or are near) residues that have been associated with allosterics and 
substrate binding.  These include Arg52 (studied in this report), residues near Lys39, and 
the ATP-binding residues Leu25-Gly30, as well as ones near Arg115.35
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Table 12. Comparison of the Vmax and ATP S0.5 for wild-type and mutant E. coli ADP-Glc 
PPases.
ATP
FBP (mM) n
WT 1.5 88.03 ± 0.62 0.17 ± 0.01 1.98 ± 0.06
WT 0 23.02 ± 1.65 2.61 ± 0.23 2.24 ± 0.23
R40A 1.5 6.88 ± 0.8 2.43 ± 0.43 1.63 ± 0.2
R40A 0 8.75 ± 2.28 3.47 ± 1.39 1.4 ± 0.24
H46A 1.5 13.32 ± 0.24 1.18 ± 0.03 2.32 ± 0.15
H46A 0 9.34 ± 0.16 2.02 ± 0.03 3.78 ± 0.18
R52A 1.5 7.22 ± 0.81 2.23 ± 0.43 1.35 ± 0.15
R52A 0 4.99 ± 0.35 1.38 ± 0.13 2.50 ± 0.5
R52K 1.5 12.37 ± 0.66 2.71 ± 0.13 3.01 ± 0.27
R52K 0 11.85 ± 1.79 2.58 ± 0.41 2.42 ± 0.57
R386A 1.5 15.16 ± 0.59 1.00 ± 0.07 2.41 ± 0.3
R386A 0 3.40 ± 0.34 1.56 ± 0.2 2.51 ± 0.64
R130A 1.5 55.85 ± 1.15 0.41 ± 0.05 1.67 ± 0.17
R130A 0 8.11 ±  0.91 2.72 ± 0.15 3.38 ± 0.58
K50A 1.5 48.91 ± 0.54 0.32 ± 0.01 2.55 ± 0.14
K50A 0 11.22 ± 2.01 2.41 ± 0.68 1.56 ± 0.31
R353A 1.5 48.91 ± 0.54 0.32 ± 0.01 2.55 ± 0.14
R353A 0 19.11 ± 2.08 3.23 ± 0.29 3.13 ± 0.45
R419A 1.5 59.6 ± 0.96 0.36 ± 0.01 2.73 ± 0.27
R419A 0 5.16 ± 0.18 1.86 ± 0.06 4.03 ± 0.59
Vmax S0.5 (mM)
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Table 13. Comparison of the Vmax and activator A0.5 for wild-type and mutant E. coli ADP-
Glc PPases. Vo represents the specific activity in the absence of any activator. 
Table 14. Comparison of the inhibitor I0.5 values for wild-type and mutant E. coli ADP-
Glc PPases.
Fru-1,6-BP Fold
Vo n Increase
ECWT 0.086 ± 0.001 2.61 ± 0.22 89.95 ± 0.23 1.49 ± 0.02 34.5
R40A 0.207 ± 0.03 1.25 ± 0.02 1.41 ± 0.01 2.69 ± 1.03 1.1
H46A 1.435 ± 0.609 2.04 ± 0.32 11.14 ± 1.77 1.12 ± 0.32 5.5
R52A 0.076 ± 0.049 1.76 ± 0.1 2.14 ± 0.08 2.03 ± 2.6 1.2
R52K 0.215 ± 0.106 1.7 ± 0.09 2.16 ± 0.06 2.02 ± 1.38 1.3
R386A 0.998 ± 0.133 2.84 ± 0.18 18.53 ± 0.99 1.08 ± 0.09 6.5
A0.5 (mM) Vmax
Percent Activity
Remaining with
AMP Saturating
Inhibitor
ECWT 0.062 ± 0.014 5.3 ± 0.56
R40A 0.011 ± 0.001 70.7 ± 0.7
H46A 0.03 ± 0.002 66.7 ± 0.7
R52A 0.018 ± 0.005 79.3 ± 1.2
R52K 0.016 ± 0.002 66.9 ± 0.8
R386A 0.025 ± 0.004 42.6 ± 2.5
I0.5 (mM)
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Table 15. Optimal communication pathways between HBP and the adenine ring of ATP. 
These communication pathways were determined as described in Materials and Methods. 
The enzyme can be considered a dimer of dimers, and there are two HBP per dimer. For 
each dimer, the pathways between each HBP and ATP are shown (for a total of four 
pathways).
Discussion
Much research has gone into locating the binding site of Fru16BP in the E. coli 
ADP-Glc PPase. Some evidence has suggested that it lies somewhere between a subunit's
distinct N-terminal and C-terminal domains.36,37,89 In the potato tuber enzyme, mutations 
to residues that contact sulfates (present in the crystal structure and indicated in Figure 
29) that straddle this cleft yielded enzymes with diminished allosteric response. 
Interestingly this effect was only observed when residues of the catalytic α subunit were 
mutated, and not the β subunit.  In the A. tumefaciens enzyme, several residues were 
observed to interact with a sulfate between this cleft. Homologous residues of the E. coli 
enzyme include Arg40, Arg52, and Arg386, all of which are residues that were studied in 
this report and whose alanine mutants were characterized by a diminished allosteric 
response (Table 12).  The homologous residue to Arg386 is His379. Interestingly, when 
this His was mutated to Arg, the resulting mutant gained allosteric activation sensitivity 
Optimal Pathway Optimal Pathway Optimal Pathway Optimal Pathway
From HBP-b From HBP-b From HBP-a From HBP-a
to ATP (Dimer I) to ATP (Dimer II) to ATP (Dimer I) to ATP (Dimer II)
 HBP-b  HBP-b  HBP-a  HBP-b
 Arg52  Arg52
 Ile54  Val45
 Asp100  Asp100  Gly141  Thr37
 Val71  Gly70  Leu25  Gly30
 Thr73  Ile72  Thr117  GLy28
 Arg115  Ala120  Ala120  ATP
 ATP  ATP  ATP
 Thr79 (subunit B)  His83 (subunit B)
 Val81 (subunit B)  Val81 (subunit B)
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to Fru16BP.36 In another promising finding, the location of the pyruvate binding site was 
identified in the A. tumefaciens enzyme. This small molecule was found to bind between 
the two domains, near the “bottom” of this cleft where the C-terminal domain from two 
subunits abut each other (Chapter 3 of this report). However, unlike the A. tumefaciens 
enzyme (which is additionally, and more effectively, activated by Fru6P), pyruvate is not 
a potent activator of the E. coli enzyme. Furthermore, available evidence indicates that 
pyruvate and fructose-phosphate activators have different binding sites,90 although they 
may both still reside somewhere along this cleft.  
The H83Q and H83N mutants of the E. coli ADP-Glc PPase have  previously 
been studied.89 It was found that these mutants had greatly diminished response to 
allosteric activator.  When an alignment of the E. coli ADP-Glc PPase onto the potato 
tuber ADP-Glc PPase was made, it was found that His83 comes in close proximity to one
of the potato tuber crystallographic sulfates (Figure 29). This adds to the hypothesis that 
this sulfate demarks at least part of the allosteric binding domain.36,37 However, despite all
of this data, the location of the Fru16BP binding site has yet to be confirmed.
Using all available data and to the best of our ability, we positioned a potent and 
effective mimetic of Fru16BP, hexane1,6-bisphosphate (HBP), into a model of the E. coli 
ADP-Glc PPase and performed a 10 ns molecular dynamics simulation on this system. 
HBP was chosen over Fru16BP because it is not known if Fru16BP binds in the 
linearized or furanose form, and using HBP eliminates this ambiguity. An inspection of 
Figure 32 suggests that the two molecules have structural similarities. The phosphates of
    100
Figure 32. Structural overlap of HBP and FBP. The carbon chain of HBP is colored dark 
grey and its phosphates are in yellow spheres. Fru-1,6-BP is colored green and red (for 
carbon and oxygen, respectively), and its phosphate groups are shown in orange spheres. 
The structure of HBP was taken from a frame 5 ns into the 10 ns simulation. The 
structure of Fru-1,6-BP was pulled from the PDB databank from file 1BO5.
Figure 33. Structures of the pyrimidine and purine nitrogenous bases for UTP, CTP, ATP, 
GTP, and ITP.
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HBP were aligned with the positions of the sulfates observed in the A. tumefaciens and 
potato tuber enzymes (Figure 29). 
Several residues were observed to interact with HBP for virtually the entire 10 ns 
simulation. This includes Arg40, His46, Arg50, Arg52, His83, Arg130, Arg353, Arg386, 
and Arg419.  As indicated, His83 has already been characterized and implicated with 
allosterism.89 The alanine mutants of these other residues were produced and 
characterized. Of those, it was determined that Arg40, His46, Arg52, and Arg386 had 
significantly altered allosteric response. These residues contacted the HBP phosphates. 
This is shown in Figure 29. In particular, Arg52 was unique in that it was seen interacting
with both of the HBP phosphate groups. Because of this, this residue was further studied 
with the production of the R52K mutant. Despite replacing this residue with another 
positively charged residue, this mutant had a kinetic profile similar to the R52A enzyme. 
A dynamical network analysis was performed on the molecular dynamics 
simulation. A complete description of this type of analysis can be found elsewhere,81 and 
a summary is described in the Materials and Methods section of this report. The optimal 
pathways of communication were determined between HBP and ATP. In each of the 
ADP-Glc PPase dimers, there are two HBP molecules, with one primarily interacting 
with subunit A (“HBP-a”) and the other HBP interacting primarily with subunit B (HBP-
b). For each dimer, the optimal pathways between the ATP and each of the two HBP 
molecules were determined. These are illustrated in Figure 30 and Figure 31 and the 
residues are listed in Table 15. 
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For both dimer I and dimer II, the optimal pathway between HBP-b and ATP were
remarkably similar (Figure 31). Many of the involved residues have been (or are near) 
residues that have previously been implicated with allosteric regulation and include 
His83,89 residues near Gln74,38 and Arg115.35 On the other hand the pathway between 
HBP-a and ATP for dimer I differed from the pathway found for dimer II.  This is shown 
in Figure 30. This could suggest that there are two channels of communication between 
this HBP and ATP. Importantly, the residues of each pathway are (or are near) residues 
that have been associated with allosterics and substrate binding.  These include Arg52 
(studied in this report), residues near Lys39, and the ATP-binding residues Leu25-Gly30, 
as well as ones near Arg115.35  
Conclusion
We implanted a HBP ligand into the E. coli ADP-Glc PPase in a location that all 
available data suggests is the activator binding site and performed MD simulations on 
this model. Site directed mutagenesis of select residues that were observed contacting this
ligand yielded mutants which were primarily characterized by a lack of response to 
Fru16BP. In addition to the previously studied His83 residue,89 alanine mutants of Arg40, 
His46, Arg52, and Arg386 showed diminished allosteric response. A dynamical network 
analysis of the MD simulation suggested that the optimal communication pathway 
between ATP and each of the dimer's HBP ligands traverses residues that are, based on 
these and other mutagenic studies, very important in the allosteric response of the E. coli 
ADP-Glc PPase. 
   
CHAPTER 5
THE EFFECTS OF ALLOSTERIC ACTIVATION OF ADP-GLUCOSE
PYROPHOSPHORYLASE WHEN DIFFERENT NUCLEOSIDE TRIPHOSPHATES
ARE USED AS SUBSTRATE
Introduction
In any given cell, there are thousands of different types of proteins, many of 
which are enzymatic, and there are also a virtually incalculable number of unique small 
molecules that serve as substrates for these enzymes. While some proteins, known as 
'generalist enzymes', are able to perform catalysis using a relatively broad range of 
substrates, other enzymes, known as 'specialist enzymes', are highly specific with regards 
to the substrates that they will accept. Specialist enzymes are often essential for cell 
survival. This is because a specialist enzymes may only accept one particular substrate in 
order to form a product, and that product could only be produced by that specialist 
enzyme. Specialist enzymes typically have a high rate of turnover of molecules through a
metabolic pathway. Additionally, they tend to require relatively more regulation of 
enzyme activity to properly control metabolic flux.  The higher flux and regulation of 
such enzymes allows their functions to be more responsive and adaptive to changes.91  
Specialist enzymes are thought to arise through evolution from archaic generalist 
enzymes.91 ADP-Glucose pyrophosphorylase (ADP-Glc PPase) from Escherichia coli is 
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an example of a specialized enzyme. This sugar nucleotide pyrophosphorylase belongs to 
the nucleotidyltransferance family of proteins, and it catalyzes the conversion of ATP and
Glucose-1P (Glc1P) into ADP-glucose (ADP-Glc) and pyrophosphate. It also catalyzes 
the reverse reaction, converting ADP-Glc and PPi into ATP and Glc1P, again with high 
substrate specificity (However, the presence of inorganic pyrophosphatase degrades PPi 
into two inorganic phosphate molecules, thereby making the forward reaction the one of 
primary physiological relevance). The question arises, therefore, as to how promiscuity, 
which can lead to undesirable reactions, are prevented by enzymes – even though they 
may be related to and share common structural elements with other enzymes that perform
similar functions on similar substrates. In this portion of this report, we examined to what
extent allosteric activators play a role in the substrate selectivity of the E. coli ADP-Glc 
Ppase, which prefers ATP over other NTPs. 
Despite variations in the structures of different sugar nucleotide 
pyrophosphorylases (NDP-Glc PPases), they share common features, including the same 
GT-A fold present in the catalytic domain (a typical GT-A fold consists of a domain with 
parallel β-strands that are flanked on either side by α-helices).  They also all require 
either one or two doubly charged metal ions like Mg2+, as in the case of ADP-Glc PPase. 
Not only is the general structure of the active site conserved in these proteins, but so are 
various key residues that make contact with the substrates. For example, they share a 
glycine-rich region (formed by residues 25-30 in the E. coli ADP-Glc PPase) with the 
sequence GxGxRL that is believed to be critical for nucleoside triphosphate (NTP) 
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binding.42
ADP-Glc PPase is an enzyme that is tighly regulated allosterically. It is strongly 
activated by Fructose-1,6-bisphosphate (Fru16BP). The primary source of the allosteric 
activation is believed to derive from the strong increase in ATP•Mg2+ affinity that 
Fru16BP induces. The E. coli ADP-Glc Ppase enzyme sees up to a 30-fold increase in 
Vmax upon the addition of Fru16BP.35  Here, we investigated the influence of activator 
Fru16BP on restricting substrate ambiguity of the E. coli ADP-Glc Ppase. The NTP 
substrates that were examined were ATP, ITP, GTP, UTP, and CTP.
Materials and Methods
All protocols regarding the production of E. coli  ADP-Glc Ppase and the 
procedures regarding enzymatic assay for the 'synthesis direction,' or 'Assay A' (NTP + 
sugar-1-phosphate → NDP-sugar + PPi, where the sugars are either glucose, galactose, or
glucosamine) for both WT and mutant enzymes are identical to that which is described in 
Chapter 2  of this report. Kinetic parameters, derived by fittings to the Hill equation, were
also calculated as described in Chapter 2. All chemicals described in this portion of this 
report that are not listed in Chapter 2 were purchased from Sigma-Aldrich, and these 
include guanosine triphosphate (GTP), cytidine triphosphate (CTP), uridine triphosphate 
(UTP), inosine triphosphate (ITP), and adenosine-diphosphoglucose (ADP-Glc), as well 
as  Glc-6P dehydrogenase, and NAD+. Molecular dynamics studies were also performed 
as described in Chapter 2,  although it should be noted that parameters for ATP, GTP, 
CTP, UTP, ITP,  were taken either from the existing parameters of the Charmm-27 
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forcefield,78 or, when needed, derived by analogy from this data set.  Using the Volmap 
tool using the program Visual Molecular Dynamics v.1.9.2 (VMD),80 volumetric maps 
based on the weighted atomic density of each point were generated with a resolution of 
0.1 Å. Average structures of each NTP were calculated using the last 5ns of each 10ns 
molecular dynamic simulation to ensure the structures were fully equilibrated. All images
were produced using either VMD or Pymol v.1.3.88  
We also employed an enzymatic assay that examined reverse reaction (NDP-Glc +
PPi → NTP + Glc1P). This is referred to as 'Assay B'.  Because both ATP and ADP-Glc 
are thought to bind to the same site of the enzyme,37 we used this assay to examine the 
extent to which ATP, ITP, GTP, CTP, or UTP (which are substrates for the forward 
reaction) can serve as inhibitors for the reverse reaction.  Furthermore, it can be 
postulated that NTP inhibitors with low I
0.5
 bind more efficiently (with higher affinity) 
than NTPs with higher I
0.5
. The assays were performed as follows.  All activities were 
measured at sub-saturating concentration of ADP-Glc (0.2 mM) and varying 
concentration of NTP-Mg2+. Enzymes were analyzed with a coupled-enzyme 
spectrophotometric assay. The reaction mixture contained 80 mM HEPPS-NaOH pH 8.0, 
10 mM Mg2+, 1 mM ADP-Glc (or 10 mM UDP-Glc or 10 mM GDP-Glc), 0.6 mM NAD+,
0.01 mM Glc-1,6-bisP, 2 U/ml Phosphoglucomutase, 2 U/ml Glc-6P dehydrogenase, 0.2 
mg/ml BSA, 1 mM Fru16BP, and enzyme in a total volume of 80 µl. The reaction was 
initiated with 1 mM PPi and absorbance at 340 nm was followed for 10 min every 15 s at 
37 °C using a BioTek EL808 microplate reader (Winooski, VT, USA).
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Results
NTP Saturation Curves
The results of our assays clearly show that the E. coli ADP-Glc PPase uses the 
nucleotide ATP much more efficiently compared to the other NTP's studied here, which 
are UTP, CTP, GTP, and ITP. In the absence of activator Fru16BP, the enzymatic activity 
observed with these other NTPs was 70 fold lower or more. Nonetheless, the results 
clearly showed that at least some catalysis does occur with these other NTPs, yielding 
NDP-Glcs made from NTPs and Glc1P. What is remarkable, however, is the differences 
observed in the NTP saturation curves generated when the activator Fru16BP is present. 
With ATP, there is a significant increase in enzyme activity (Table 16), as well as an 
increase in ATP affinity when Fru16BP is present. A useful criterion of comparing the 
different NTP saturation curves is the catalytic efficiency, kcat/S
0.5
, analogous to 
Vmax/S
0.5
, or, for Michaelis Menton kinetics, kcat/Km. In the absence of Fru16BP, the 
catalytic efficiency for all NTPs, including ATP, were in the same order of magnitude, but
this is not the case when the activator is present (Table 16).  The work performed here 
(and previous work (REF: ME)) show that the catalytic efficiency increases 60 to 200 
fold upon the addition of Fru16BP when ATP is used as the substrate for the E. coli ADP-
Glc PPase. However, this value was 2 or less for the other NTPs (Table 16).
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Table 16. Comparison of NPT saturation curves, and the observed kinetic parameters, 
determined with (A) and without activator FBP (B).
(A) + FBP
NDP-Glc
being
Synthesized
Substrate S0.5 (mM) n kcat (s-1)
kcat/S0.5
(s-1 M-1)
ADP-Glc ATP 0.32 ± 0.02 2.3 ± 0.2 56 ± 1 177
UDP-Glc UTP 0.40 ± 0.04 1.4 ± 0.2 0.14 ± 0.02 0.3
GDP-Glc GTP 0.35 ± 0.02 1.6 ± 0.2 0.10 ± 0.01 0.2
CDP-Glc CTP 0.25 ± 0.01 1.3 ± 0.2 0.08 ± 0.01 0.3
IDP-Glc ITP 0.50 ± 0.03 1.8 ± 0.2 0.18 ± 0.01 0.3
(B) CONTROL
NDP-Glc
being
Synthesized
Substrate S0.5 (mM) n kcat (s-1)
kcat/S0.5
(s-1 M-1)
ADP-Glc ATP 11.0 ± 4.0 1.3 ± 0.1 10.2 ± 0.30 1.0
UDP-Glc UTP 0.40 ± 0.06 1.4 ± 0.2 0.14 ± 0.01 0.3
GDP-Glc GTP 0.51 ± 0.03 1.5 ± 0.1 0.10 ± 0.01 0.2
CDP-Glc CTP 0.29 ± 0.02 1.4 ± 0.2 0.08 ± 0.01 0.2
IDP-Glc ITP 0.55 ± 0.04 2.6 ± 0.4 0.10 ± 0.01 0.15
ITP saturation curves were also performed on the E. coli ADP-Glc Ppase Q74A 
and W113A mutants, as well as the A. tumefaciens WT, Q67A and W106A enzymes.  Just
as the mutants failed to significantly respond to allosteric activator in the ATP saturation 
curves (Table 17), so was the case for the ITP saturation curves (Table 18). Interestingly, 
however, there were some notable findings regarding the ITP curves of the WT A. 
tumefaciens ADP-Glc Ppase compared to those of the E. coli enzyme.  Upon the addition 
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of fructose-phosphate activator (Fru16BP for the E. coli enzyme and F6P for the A. 
tumefaciens enzyme), the WT E. coli ADP-Glc Ppase sees virtually no change in ITP S
0.5
 
and less than a 2-fold difference in catalytic efficiency. However, for the A. tumefaciens 
enzyme, the ITP S
0.5
 decreases over 3-fold and the catalytic efficiency increases over 6-
fold.
Inhibition Assays
Enzyme inhibition assays were also performed. As was indicated above, ADP-Glc
PPase can catalyze both the 'forward' direction (NTP + Glc1P → NDP-Glc + PPi) as well 
as the 'reverse' direction (NDP-Glc + PPi → NTP + Glc1P).  As was indicated, both NTP 
and NDP-Glc bind at the same location. If both ADP-Glc and NTP are in solution, and if 
reaction conditions favor the reverse reaction (i.e., no Glc1P present, and no PPi 
degrading pyrophosphatase), the reverse reaction will be slower due to the competitive 
binding of the NTP with substrate ADP-Glc.  In this sense, the NTP will be acting as an 
inhibitor of the reverse reaction. The results of these experiments are shown in Table 19. 
With I
0.5
 of 3.1 mM, ATP is more effective at inhibiting the reverse reaction than the other
NTPs, but the difference is less than an order of magnitude. The I
0.5
 values for the other 
NTPs were about 4 to 7 fold higher. 
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Table 17. Comparison of the  Vmax and ATP S0.5 for wild-type and mutant  E. coli  and A.
tumefaciens ADP-Glc PPases.
ATP Saturation Curves
ATP
  Enzyme Activator n
E. coli
WT none 21.8 ± 0.8 2.50 ± 0.10 2.4 8.7 1
+FBP 88.0 ± 0.6 0.17 ± 0.01 2.0 518 59.5 1
none 1.93 ± 0.02 7.60 ± 2.10 1.0 0.25 34.8
+FBP 1.60 ± 0.08 9.80 ± 4.00 1.1 0.16 0.6 3238
P103A none 18.3 ± 0.2 0.89 ± 0.02 1.9 21 0.4
+FBP 23.7 ± 0.8 0.81 ± 0.06 1.5 29 1.4 17.9
W113A none 1.45 ± 0.05 5.80 ± 1.20 1.1 0.25 34.8
+FBP 1.12 ± 0.09 2.50 ± 0.30 1.5 0.45 1.8 1151
A. tumefaciens
WT none 11.6 ± 0.2 0.22 ± 0.01 1.8 53 1
+ Fru-6P 93.0 ± 0.2 0.08 ± 0.01 1.6 1163 22.0 1
+ PYR 85.5 ± 2.0 0.13 ± 0.01 2.2 658 12.4 1
Q67A‡ none 3.3 nd nd nd nd
+ Fru-6P 4.3 nd nd nd nd nd
+ PYR 8.2 0.11 ± 0.01 1.1 75 nd 8.8
W106A none 1.99 ± 0.17 0.23 ± 0.07 0.7 8.7 6.1
+ Fru-6P 1.10 ± 0.21 0.13 ± 0.10 0.8 8.5 1.0 137
+ PYR 12.44 ± 0.2 0.22 ± 0.02 1.5 57 6.6 11.5
(Vmax/S0.5)  +Act (Vmax/S0.5) WT
Vmax(U/mg) S0.5 (mM) Vmax/S0.5 (Vmax/S0.5)  Control (Vmax/S0.5)Mutant
Q74A§
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Table 18. Comparison of the specific activities and apparent ITP affinities for wild-type
and mutant E. coli and A. tumefaciens ADP-Glc PPases.
ITP Saturation Curves
ITP
  Enzyme Activator n
E. coli
WT none 0.10 ± 0.01 0.55 ± 0.04 2.5 0.19 1
+FBP 0.18 ± 0.01 0.51 ± 0.04 1.8 0.35 1.9 1
Q74A none 0.13 ± 0.01 0.73 ± 0.19 1.1 0.18 1.1
+FBP 0.14 ± 0.01 0.61 ± 0.1 1.1 0.22 1.2 1.6
P103A none 0.06 ± 0.01 0.33 ± 0.01 2.7 0.21 0.9
+FBP 0.08 ± 0.01 0.40 ± 0.05 2.0 0.19 0.9 1.8
W113A none 0.11 ± 0.02 1.03 ± 0.29 1.1 0.11 1.8
+FBP 0.11 ± 0.01 0.56 ± 0.10 1.3 0.20 1.8 1.8
A. tumefaciens
WT none 0.22 ± 0.01 0.69 ± 0.03 2.2 0.32 1
+ Fru-6P 0.40 ± 0.01 0.20 ± 0.01 1.9 2.00 6.2 1
+ PYR 0.45 ± 0.02 0.49 ± 0.04 1.7 0.93 2.9 1
Q67A none 0.12 ± 0.01 0.37 ± 0.07 1.8 0.32 1.0
+ Fru-6P 0.14 ± 0.02 0.41 ± 0.12 1.2 0.33 1.0 6.0
+ PYR 0.25 ± 0.01 0.34 ± 0.04 1.8 0.72 2.3 1.3
W106A none 0.10 ± 0.01 0.74 ± 0.03 3.5 0.14 2.3
+ Fru-6P 0.10 ± 0.01 0.81 ± 0.03 2.5 0.12 0.9 16.3
+ PYR 0.10 ± 0.01 0.53 ± 0.03 2.4 0.37 2.7 1.3
(Vma/S0.5) +Act (Vmax/S0.5) WT
Vmax(U/mg) S0.5 (mM) Vmax/S0.5 (Vmax/S0.5)Control (Vmax/S0.5)Mutant
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Table 19.  Inhibition of pyrophosphorolysis  (ADP-glucose → AMP + Glc-1P) activity
with different nucleotides. Activity was measured in the pyrophosphorolysis direction, as
indicated in Materials and Methods, in presence of 1 mM of FBP, 0.2 mM ADP-Glc, 5
mM MgCl2, 1 mM PPi and different concentrations of NTP-Mg.
Inhibitor I0.5 (mM) n
ATP-Mg 3.1 ± 0.3 1.6 ± 0.2
ITP-Mg 11.1 ± 0.3 5.4 ± 0.7
UTP-Mg 12.7 ± 0.6 2.5 ± 0.3
CTP-Mg 16.4 ± 0.5 3.3 ± 0.2
GTP-Mg 22.2 ± 0.7 4.7 ± 0.7
Discussion
Through evolution, several ways to prevent undesired enzymatic reactions from 
occuring within cells have come about. One of the most well known ways is at the level 
of gene translation, via the action of various transcription regulators.  Another is the 
action of kinases, deactivating and activating proteins via covalent modification.92 
In this current work, we show that another type of regulation occurs at the protein 
level via a non-covalent, allosteric effect. Here, we suggest that ADP-Glc PPase is a 
'specialist enzyme' that evolved to regulate glycogen synthesis, and in doing so it 
acquired such an effective manner to constrain its promiscuity.
Plant and bacterial ADP-Glc PPases as well as other sugar nucleotide 
pyrophosphorylases appear to have evolved from a common ancestor. Despite low 
sequence similarity, many of the structural features observed in the ADP-Glc PPases are 
observed in the other bacterial NDP-glucose pyrophosphorylases. For instance, the 
catalytic domains in all of these enzymes have virtually identical folds.1 These features 
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are represented in, for example, the structures of the E. coli UDPGlc PPase,67 the E. coli 
dTDP-Glc PPase,68 the CDP-Glc PPase from Salmonella enterica,69 and the UDP-Glc 
PPase from Helicobacter pylori,70 to name a few.
The aforementioned NDP-Glc PPases are not allosterically regulated, with the 
distinct exception of ADP-Glc PPases.  Interestingly, ADP-Glc PPases possess unique 
structural elements which have been implicated with allosterism –  and these regions are 
not found in other NDP-Glc PPases. The largest and most obvious such element in ADP-
Glc PPases is its distinct C-terminal domain. The C-terminal domain of ADP-Glc PPase 
is characterized as a left-handed parallel beta helix.  Several site directed mutagenic 
studies targeting this domain, as well as studies examing 'chimeric' enzymes (with the N-
terminal and C-terminal domains of different organism's ADP-Glc PPases swapped) 
clearly show that this C-terminal domain is critical for allosteric regulation, as well as for 
effector specificity.54 An additional component not present in these other NDP-Glc PPases
that has been implicated with allosterism is a loop structure formed by residues Pro103-
Arg115 of the E. coli ADP-Glc Ppase (Pro96-Glu108 of the A. tumefaciens enzyme). 
Previous computational studies have suggested that a direct link of communication 
between this loop and the putative allosteric binding site, and mutations to any one of 
several loop residues yield an enzyme with WT activity, with the key exception that the 
enzyme fails to respond to allosteric activator.35 In summary, there seem to be several 
components acquired by ADP-Glc Ppase through evolution that have been critical to 
allosteric activation.
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Previous studies have firmly established that ADP-Glc Ppase can accept other 
NTPs besides ATP as substrate for NDP-Glc Ppase synthesis.93 We also found this to be 
true, as is shown in Table 16.  As the data shows, in our GTP, CTP, UTP, and ITP 
saturation curves, we observed no significant differences in the kinetic profiles when 
comparing the curves with and without activator. This contrasts sharply to change in the 
kinetic profile brought about by the activator for the ATP saturation curves. Namely, the 
catalytic efficiency (defined here as kcat/S0.5) increases nearly 200 fold in the ATP 
saturation curves when Fru16BP is added. This compares to, at most, 2 fold increase for 
the other NTPs studied here (Table 16).  In summary, the E. coli ADP-Glc Ppase will 
accept NTPs besides ATP (producing NDP-Glcs and PPi), but drastic Fru16BP-induced 
changes in catalytic efficiency are only seen in the saturation curves involving ATP. 
Generally speaking, the NTPs studied here have similar structures to ATP 
(particularly GTP and ITP; Figure 33). Given that the NTPs all have a trophosphate tail, 
and a ribose ring, we suggest that interactions between the protein and the nucleotide's 
nitrogenous base are crucial for not only substrate binding, but also effective allosteric 
activation. There is some existing evidence that supports this notion. For instance, it has 
been suggested that the amino group of ATP (of carbon number 6) forms a hydrogen bond
with the side chain of Gln74 and Q74A does not respond to activator. Additionally, 
Trp113 is thought to contact Gln74, and the W113A has similar properties.35,38  This 
notion is further supported by data from the ITP saturation curves, shown in Table 16. 
Both ITP and ATP have similar structures, with the only difference being a ketone group 
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at carbon number 6 of ATP, and not an amino group.  However, the conversion of the 
amino group (found in ATP) to the ketone group (found in ITP) likely alters the pKa of 
the other nitrogens of the aromatic ring.94  This may affect the ability of these other 
nitrogens to form appropriate hydrogen bonds with the enzyme. As shown in Figure 33, it
could be argued that, compared to the other NTPs studied here, ITP has the structure most
similar to ATP. Interestingly, even though the allosteric response was drastically lower 
than that observed with ATP, ITP was the only other NTP that saw any increase in Vmax, 
and it also saw a 2-fold increase in catalytic efficiency (Table 16). In turn, the NTP that is
most similar to ITP would be GTP which, in addition to the ketone group seen with ITP, 
possesses an amino group at carbon number 2 (Figure 33). As shown in Table 16, this 
results in practically a complete knock out of any allosteric response. These results 
suggest that the allosteric response and substrate specificity are highly sensitive to even 
minor alterations in the nitrogenous ring of the ATP. These findings are further supported 
by the CTP and UTP saturation curves (Table 16).  
Our results showed that NTPs can be an effective inhibitor of the ADP-Glc 
Ppases' reverse reaction (ADP-Glc + PPi → ATP + Glc1P), and this is presumably 
because both ADP-Glc and NTP are believed to bind at the same location (REF), and 
there is competition between them. This can be a measure of NTP binding specificity. It 
can be postulated that the NTP with the lowest I
0.5
 has the highest apparent affinity for the
enzyme. We found that, while ATP was a slightly more effective inhibitor of this reaction 
compared to the other NTPs, with an I
0.5
 of 3.1 mM compared to 11 – 22 mM for the 
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other NTPs, the difference was not drastic. This could indicate that, in the forward 
reaction (NTP + Glc1P → NDP-Glc + PPi), each of the NTPs studied here bind to ADP-
Glc PPase with about the same apparent affinity. These results would indicate that, even 
though they are binding at the same site as does ATP, the other NTPs are not making 
appropriate contacts with the enzyme. These could indicate a “break in the chain” of the 
allosteric signal as it passes from the allosteric binding site to the catalytic domain.  
Indeed, the results of our computational analysis indicated that the binding 
conformation of the other NTPs (UTP, ITP, GTP, and CTP) varies compared to that which
is seen with the binding of ATP (data not shown). In summary, these computational 
findings show that altering the nature of the nitrogenous base of NTPs result in different 
substrate-protein interactions compared to those seen with ATP, and it is possible that 
these differences are exacerbated by the addition of allosteric activator. 
We also performed ITP saturation curves on E. coli ADP-Glc Ppase Q74A and 
W113A mutants, as well as the A. tumefaciens WT, Q67A, and W106A enzymes. Just as 
the mutants failed to significantly respond to allosteric activator in the ATP saturation 
curves, results were very similar for these mutants for the ITP saturation curves. 
Interestingly, however, there were some noteworthy findings regarding the ITP curves of 
the WT A. tumefaciens ADP-Glc Ppase when compared to those of the E. coli enzyme.  
Upon the addition of fructose-phosphate activator (which are Fru16BP for the E. coli 
enzyme and F6P for the A. tumefaciens ADP-Glc PPase), the WT E. coli enzyme sees 
virtually no change in its ITP S
0.5
 and there is less than a 2-fold difference in catalytic 
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efficiency. On the other hand, for the A. tumefaciens enzyme, the ITP S
0.5
 decreases over 
3-fold and the catalytic efficiency increases over 6-fold. This could suggest that, 
compared to the E. coli ADP-Glc PPase, stabilizing interactions between the A. 
tumefaciens enzyme and the -NH2 group of ATP are slightly less important in the 
enhanced selectivity effect that allosteric activators induce. This is further illustrated in 
Table 20. Implications of this are unclear, but if this is being used as a measure of enzyme
specificity, then (conceivably) it could be an indication that the A. tumefaciens ADP-Glc 
Ppase has gone through less evolutionary changes from its more generalist ancestor 
compared to the E. coli ADP-Glc PPase.
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Table 20.  Comparison of the ratios of [(Vmax/S0.5)  with Activator]  /  [(Vmax/S0.5)  without
Activator], obtained from the ATP and ITP saturation curves.
Conclusion
Albeit at a significantly lower rate of activity, the E. coli ADP-Glc Ppase can 
accept NTPs besides ATP for the production of NDP-Glc. We observed that the allosteric 
activator would only have a significant effect on enzyme activity if the substrate was ATP,
even when the NTP had a structure very similar to ATP (Figure 33). The inhibition 
assays, which examined the capacity for the NTPs to inhibit (by competing with ADP-
Glc) the enzyme's reverse reaction (ADP-Glc + PPi → ATP + Glc1P) showed that the I
0.5
 
of the different nucleotides were within the same order of magnitude. This would seem to
imply that the NTPs bind to ADP-Glc Ppase with relatively similar affinity. These 
Enzyme
 E. coli
WT 32.1
Q74A 0.5
P103A 1.5
W113A 1.0
 A. tumefaciens
WT 3.6
Q67A nd
W106A 1.1
AN =  ____________________
AN from ATP data
AN from ITP data
(Vmax/S0.5) with Activator
  (Vmax/S0.5) no Activator
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cumulative findings suggest that even subtle differences in the nitrogenous base of the 
NTP (Figure 33) preclude important interactions with the protein, meaning that the other 
NPTs are not aligned properly to “receive” the allosteric response that the activators 
typically induce. Overall, these data show that an allosteric activator has a distinct role in 
modulating the substrate specificity of ADP-Glc Ppases. 
   
CHAPTER 6
ON THE STABILITY OF NUCLEOSIDE-DIPHOSPH-GLUCOSE METABOLITES:
VALIDATING SCENARIOS FOR POLYSACCHARIDE METABOLISM IN PLANTS
UNDER INTRACELLULAR CONDITIONS
Introduction
Nucleoside-diphospho-sugars (NDP-sugars) play a key role in carbohydrate 
metabolism. This is particularly true for ADP-Glucose (ADP-Glc) and UDP-Glucose 
(UDP-Glc). Shortly after being discovered in the late 1940's, it became apparent that 
UDP-Glc is a key intermediate in some metabolic pathways of carbohydrates, while 
ADP-Glc is involved in others. For instance, UDP-Glc is involved in the metabolism of 
galactose and trehalose in yeast,95,96 the synthesis of sucrose in plants97 and glycogen in 
mammals98. Shortly after the discovery of an ADP-Glc producing enzyme in soybean,6 it 
became apparent that both plant starch99–101 and bacterial glycogen102 require ADP-Glc as 
building blocks. 
Pathways involving nucleoside-diphospho-glucose (NDP-Glc) intermediates
(specifically UDP-Glc and ADP-Glc) in the metabolism of key plant carbohydrates like 
cellulose, starch, and sucrose have been disputed on the basis of their purported inherent 
instability.103–106 Shortly after being discovered, in fact, it was reported that UDP-Glc 
degrades into UMP and cyclic glucose-1,2-phosphate when in subjected to 
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magnesiumated alkaline conditions,107,108 and the same occurs for ADP-Glc.109  
Under illuminated conditions when chloroplasts are synthesizing starch, the 
stroma has a pH of about 8.3 and a magnesium concentration of about 6 mM.  Because of
this, and despite the presence of ADP-Glc PPase in the stroma, the source a pool of ADP-
Glc for stromal starch synthesis has been disputed. Based on this purported instability of 
NDP-Glucoses, it was suggested that, ADP-Glc builds up in the cytosol, by the action of  
sucrose synthase (which catalyzes the reaction: ADP-Glc + D-fructose ↔ ADP + 
Sucrose) which then gets pumped into the plastid.103 This established a dispute that has 
not been fully resolved.104–106 
One of the main problems for the disagreement mentioned above is that even 
when UDP-Glc and ADP-Glc are in destabilizing alkaline media containing Mg2+, the 
time course for degradation under intracellular conditions has not been clearly 
established. This is important because a fast rate of degradation could, as one example, 
preclude pools of ADP-Glc forming within a chloroplastic stroma and thereby preclude it 
from participating in plastidal starch synthesis. In previous studies, attempts to determine 
levels of NDP-Glc degradation at different pH values were made at a single time and with
procedures requiring significant work-up of the sample prior to sugar nucleotide 
quantification, thereby possibly introducing further apparent degradation.100,103–
105,109,110 Herein, we examined the stability of UDP-Glc and ADP-Glc related with time, 
pH, and Mg2+ concentration as determined by NMR. This technique requires no 
manipulation of the samples, thus minimizing artifacts in the analysis. In order to confirm
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these NMR-based results, we also quantified the amount of sugar-nucleotide degradation 
using an enzymatic, highly sensitive colorimetric assay developed by Fusari et al.73 Our 
results may have important implications on the use of certain enzymatic assays involving 
NDP-glucoses, and, perhaps more importantly, may shed light on the half life of these 
critical metabolites in vivo.     
Materials and Methods
Chemicals and Enzymes
        UDP-Glc (disodium salt hydrate), ADP-Glc (disodium salt), UMP (disodium salt),
AMP (disodium salt), sodium pyrophosphate (tetrabasic decahydrate), NADP+ (sodium 
salt),  α-D-glucose-1,6-bisphosphate (potassium salt hydrate), phosphoglucomutase from 
rabbit muscle, glucose-6-phosphate dehydrogenase from baker's yeast, bovine serum 
albumin (BSA)  and magnesium chloride (hexahydrate) were obtained from Sigma-
Aldrich (St. Louis, MO, USA). Deuterium oxide was from Cambridge Isotope 
Laboratories Inc. (Andover, MA, USA). All other chemicals were of the highest quality 
available. ADP-Glc and UDP-Glc pyrophosphorylases (ADP-Glc and UDP-Glc PPases) 
from Escherichia coli were produced recombinantly in our laboratory with a high purity 
degree by a procedure similar to that previously described.54,71 
 Sample Preparation and NMR Analysis
        Samples (1.0 ml) containing 5.0 mM UDP-Glc, 10.0 mM MgCl2, 10% deuterium 
oxide, and 30 mM of either Hepes pH 7.0, Bis-Tris propane pH 8.0, or CHES (pH 8.5 and
9.0) were incubated in a 37 ºC water bath for 0, 12, 20, 45, or 90 min (All pH 
    123
measurements were made at 37 ºC).  Additionally, a 1.0 ml sample containing 5.0 mM 
ADP-Glc, 10.0 mM MgCl2, 10% deuterium oxide, and 30 mM CHES pH 9.0 was 
incubated in a 37 ºC water bath for  90 min. Once removed from the water bath, 250 μl of
a stirred solution containing 1.0 M Hepes pH 7.0 and 150 mM EDTA (at 37°C) was 
added to the 1.0 ml samples. The neutral pH and chelation of the Mg2+ (by EDTA) 
prevented further degradation of the sugar nucleotides. These were then immediately 
frozen with liquid nitrogen and kept at -80 ºC. After thawing, [31P]NMR was performed 
on these samples to quantify the sugar nucleotide degradation that occurred during the 
incubation period.  Experiments determining the relative NDP-Glc, NMP, and cyclic 
glucose 1,2-phosphate concentrations were performed using either a Varian Inova 500 
MHz or Varian Inova 300 MHz NMR equipment. A dilute phosphoric acid sample served 
as the external standard, denoting 0 ppm.  While using a 33º tip angle and a 3.2 s 
acquisition time, at least 6000 scans were performed on all samples. At least 12000 scans 
performed on samples with less than 20% apparent NDP-Glc degradation. The relative 
integration values of the observed species was used to calculate the percent of NDP-Glc 
degradation that occurred during the given time period. 
To determine T1 relaxation times, experiments of T1 inversion recovery were 
performed as previously described.111 A standard containing UDP-Glc, UMP, and cyclic 
1,2-glucose phosphate was derived from a sample originally containing 20 mM MgCl2, 
10 mM UDP-Glc, 10% deuterium oxide, and 30 mM CHES pH 9.0 which was incubated 
at 37 ºC for two hours.  After incubation, 250 μl of a stirred 1 M Hepes pH 7.0, 150 mM 
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EDTA (at 37°C) was added prior to NMR analysis to cease further sugar nucleotide 
degradation. The longest T1 time of any analyte (UDP-Glc, UMP, or cyclic 1,2-glucose 
phosphate) was 3.3 s.  As described elsewhere,112 the use of a 33º tip angle reduces this by
a factor of 5.56, yielding an effective T1 time of 0.59 s.  Therefore, when a 33º tip angle 
is used, an acquisition time of 3.2 s is greater than 5 x T1 of any analyte being quantified.
In addition, the T1 relaxation times for UDP-Glc that we observed matched well with 
previous research.113 
The location for peaks of NMP and NDP-Glc were determined from standards 
that we produced. These solutions were made from UMP, AMP, UDP-Glc, or ADP-Glc, 
all of which were purchased from Sigma-Aldrich. Each 1.0 ml 5.0 mM solution was 
prepared with 30 mM Hepes at pH 7.0, 10mM MgCl2, and 10% deuterium oxide, to 
which (as to be consistent with experimental samples) 250 μl of a stirred solution 
containing 1.0 M Hepes pH 7.0 and 150 mM EDTA  (at 37°C) was added.  Peaks were 
found to be near 3 ppm for the NMP and near -11 & -13 ppm for the two phosphates of 
the NDP-Glc. Based on previously published results,114 we determined that the peak 
observed near 11 ppm in our experimental samples is cyclic-1,2-glucose phosphate.
Enzymatic Method for the Determination of Sugar Nucleotide Degradation
        Four 1.0 ml solutions, each containing 10 mM MgCl2 and 30 mM CHES pH 9.0, 
and 5 mM, 2.5 mM, 1.25 mM, or 0 mM NDP-Glc (either UDP-Glc or ADP-Glc) were 
incubated in a water bath at 37 °C. The reaction was initiated by the addition of the sugar 
nucleotide.  After 90 min, 250 µl of 1.0 M Hepes pH 7.0 was added to achieve 
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neutralization and to cease of any further degradation of the sugar nucleotide. 
Neutralization was confirmed by aliquoting 100 µl of the samples onto pH paper.  
Separately, four “time zero” samples were prepared identically, except that they were not 
incubated. For these, the addition of 250 µl of 1.0 M Hepes pH 7.0 preceded the addition 
of NDP-Glc. Following neutralization, the amount of intact NDP-Glc remaining in each 
of these solutions was determined spectrophotometrically using the enzymatic method 
coupling NDP-Glc pyrophosphorylase (NDP-Glc PPase), phosphoglucomutase and 
glucose-6-phosphate dehydrogenase, as previously described115,116 with the following 
modifications. A 10 µl aliquot of neutralized sample was added to a 160 µl solution 
containing 200 mM Hepes pH 7.3, 5 mM MgCl2, 1.5 mM sodium pyrophosphate, 10 mM
sodium fluoride, 1.25 mM NADP+, 2 mM dithiothreitol, 0.01 mM glucose-1,6-
bisphosphate, 3 U/ml phosphoglucomutase, 3 U/ml glucose-6-phosphate dehydrogenase, 
0.2 mg/ml BSA, and ~1 unit NDP-Glc PPase (either UDP-Glc PPase or ADP-Glc PPase).
The coupled reaction is associated with the conversion of NADP+ to NADPH which was 
monitored using a BioTek EL808 microplate reader (Winooski, VT) measuring at 340 nm
every 15 s. The reaction was considered complete 4 min after the point where there was 
no further change in absorbance (approximately 8 min total). The absorbance value of the
blank samples (without NDP-Glc) was subtracted from all readings.
Results and Discussion
The use of [31P]NMR proved to be a successful means of studying the stability of 
UDP-Glc (Figure 34). When incubated at pH 9.0 in presence of 10 mM MgCl2 the sugar 
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nucleotide showed a time dependent cleavage, giving rise UMP and cyclic glucose-1,2-
phosphate (Figure 35). Overall, there was apparent instability of UDP-Glc evident at pH 
values higher than 7.0 (Table 21 and Table 22). Degradation displayed initial velocities 
directly related with pH (Figure 34) and the progressively increasing rate of degradation 
with increasing pH indicates that the reaction depends on the concentration of oxidryl 
groups. The degrading process required Mg2+ and, in fact, the rate of the reaction 
increased nearly linearly with the concentration of Mg2+ (Figure 36 and Table 23). ADP-
Glc exhibited the same pattern of instability as UDP-Glc (Table 21).
Table 21. NMR derived data on the extent of UDP-Glc degradation that occurs at 
different pH and different time scales. The Mg2+ concentration was 10 mM. 
Percent NDP-Glc Degraded
Time pH 9.0 pH 8.5 pH 8.0 pH 7.0
0 0 0 0 0
12 7.4 ± 0.5 2.8 ± 0.3 0.9 ± 0.1 nd†
UDP-Glc 20 11.3 ± 2.1 5.7 ± 0.2 1.7 ± 0.2 nd†
45 24.2 ± 2.2 13.4 ± 0.7 3.6 ± 0.1 nd†
90 45.3 ± 3.0 24.9 ± 0.4 8.0 ± 0.7 nd†
ADP-Glc 90 46.7 ± 4.6
†not detected
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Table 22.  Half life of UDP-Glc in a solution with 10 mM Mg2+ and varying pH. Half 
lives were calculated using the formula P=(100 • (1 – 2-t / z))), where P is the percent of 
UDP-Glc that has degraded, t is time in minutes, and z is the calculated half life.
pH Half Life (min)
8.0 773 ± 2
8.5 220 ± 5
9.0 107 ± 2
Table 23. Extent of UDP-Glc degradation that occurs in 90 minutes with varying 
concentrations of MgCl2, at pH 9.0. Experiments were performed as described in the 
materials and methods section.
MgCl2 (mM)
Percent UDP-Glc 
Degraded
0.0 0.0 ± 0.0
3.0 13.1 ± 2.4
5.0 28.8 ± 2.2
8.0 38.6 ± 1.3
10.0 44.3 ± 1.3
15.0 52.6 ± 3.7
20.0 66.2 ± 0.4
40.0 84.2 ± 1.9
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Figure 34. Data showing the extent UDP-Glc degraded during different time scales and 
pH, with 10 mM Mg2+.
Figure 35. NMR spectra of incubated samples: 5 mM UDP-Glc samples incubated at pH 
9.0 with 10 mM MgCl2 for either 0, 20, 45, or 90 minutes. 
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Figure 36. Data showing the extent UDP-Glc degradation with varied Mg2+ 
concentrations. Samples were incubated for 90 minutes at pH 9.0. Error bars are shown in
black.
Figure 37. Extent of NDP-Glc (NDPG) degradation, under conditions of 10 mM MgCl2 
and pH 9.0. The data shows that ADP-Glc (ADPG) is approximately as stable as UDP-
Glc (UDPG), and that there extent of UDP-Glc degradation is not significantly affected 
by the UDP-Glc concentration.
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Table 24.  Enzymatic determination of NDP-Glc degradation that occurs with different 
concentrations of NDP-Glc. Assays were performed as described in the materials and 
methods section. The rate of degradation is largely independent of the initial 
concentration of NDP-Glc. These results match well with those obtained using the NMR 
method described in this report.
Initial NDP-Glc 
Concentration
Percent NDP-Glc 
Degradation
1.25 mM UDP-Glc 48.0 ± 1.4
2.5 mM UDP-Glc 43.3 ± 2.5
5.0 mM UDP-Glc 40.7 ± 0.4
5.0 mM ADP-Glc 45.1 ± 0.1
Conclusion
The results obtained by the NMR approach were directly related with those 
obtained by the malachite green based enzymatic assay for the determination of NDP-Glc
concentration.  This is shown in Table 21 and Table 24. Here, it can be seen that, as 
determined via both NMR and enzymatic methods, even after 90 minutes of incubation at
pH 9.0 at 37°C in the presence of 10 mM MgCl2, a substantial amount (over 50%) of the 
original NDP-Glc PPase remains intact. Also, and unlike the Mg2+ concentration, 
varying the NDP-Glc concentration had essentially no effect on the extent of sugar 
nucleotide degradation (Table 24 and Figure 37). These results indicate that the activity 
of either of the enzymes UDP-Glc PPase or ADP-Glc PPase is useful to determine levels 
of the respective NDP-Glc, even under mild alkaline and magnesiumated conditions. 
Moreover, it supports the notion that NDP-Glucoses are not as unstable as previously 
reported,103 and it validates the concept106 that starch synthesized within a chloroplast 
(~pH 8.3 and 6 mM MgCl2) derives from ADP-Glc formed within the plastid itself.  
   
 
CHAPTER 7
CONCLUSION AND FINAL REMARKS
Putting the Pieces Together: Understanding Allosteric Regulation
In this thesis, we aimed to further the understanding of allosteric regulation in 
ADP-glucose pyrophosphorylases (ADP-Glc PPases). In the initial chapter of this report, 
we sought to investigate the regulatory role of a loop formed by residues 103-115 of the 
Escherichia coli ADP-Glc PPase. The E. coli enzyme is activated by a fructose-1,6-BP 
and previous work had suggested that it binds at or near Lys39. By performing molecular 
dynamics experiments and site directed mutagenesis, we found a possible communication
pathway that links Lys39 and substrate ATP.  Namely, the dynamical network analysis 
found that this pathway traverses along the 103-115 loop.  Site directed mutagenesis 
further confirmed the importance of this loop region, with P103A, Q106A, R107A, 
W113A, Y114A, and R115A all having a reduced response to FBP. 
We found that when Pro96 of the A. tumefaciens ADP-Glc PPase (homologous to 
Pro103 of the E. coli enzyme) was mutated to alanine, it also failed to respond to one of 
its primary activators, fructose-6-phosphate (Fru-6P). However, it retained activation to 
pyruvate. This furthers the notion that there are distinct binding sites for Fru-6P and 
pyruvate.90 
We were successful in solving the crystal structure of the pyruvate-bound P96A. 
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Two pyruvates were found to bind to one tetramer. It binds at an interface between two 
subunits, at a point where the distinct C-ter domain of two subunits stack on top of each 
other. It is also a point where like-numbered residues from two subunits approach one 
another. For instance, pyruvate stacks between the backbone atoms of Ser328 and Gly329
from each subunit, and two Lys43 residues orient towards the oxygens of pyruvate. 
Based on structural data, we produced the K43A and G329D mutants. The K43A 
mutant was found to be insensitive to pyruvate activation confirming the role of this 
lysine in regulation. G329D mimicked the presence of pyruvate and as such was 'pre-
activated', meaning that it had a kinetic profile similar to the pyruvate-activated WT 
enzyme, even without any pyruvate present.  These findings are conclusive in locating the
pyruvate binding site.
In Chapter 4, we used molecular dynamics simulations to investigate how and 
where a mimetic of FBP, hexane-1,6-bisphosphate (HBP), binds to the E. coli ADP-Glc 
PPase. Prior crystallographic data of the A. tumefaciens and potato tuber ADP-Glc PPases
showed that there were sulfate molecules that sat at the interface between each subunit's 
distinct C-terminal and N-terminal domain.36,37 The phosphates of HBP were mapped 
onto these sulfates, which were subsequently removed from the model. A simulation was 
performed, and several lysine and argine residues were found to make contact with HBP. 
Site directed mutagenesis was performed on these residues, and they were kinetically 
characterized. Several of these mutations yielded enzymes with virtually no response to 
allosteric activation. These included R40A, H46A, R52A, and, to a lesser extent, R386A. 
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Arg52 was unique in that its side chain made contact with both phosphate groups of HBP.
Even the R52K mutant failed to see any FBP induced allosteric activation. This is 
perhaps not surprising, given the fact that arginines seem uniquely adapted to bind 
phosphates.117 We also performed a dynamical network analysis on the simulation and 
looked for pathways that linked the HBP to ATP, and found that optimal pathway residues
included ones that were (or were near residues that) have been implicated with 
allosterism.
In Chapter 5, we examined the influence of different nucleoside triphosphates on 
allosteric activation of the E. coli ADP-Glc PPase. Here, it was found that there is only 
any significant allosteric activation when ATP is used as substrate. When ITP is used 
instead of ATP, which differs from ATP by having a double-bonded oxygen at carbon 
number 6 (instead of an amino group), there was virtually no increase in Vmax or substrate 
affinity upon the addition of FBP. Indeed, ADP-Glc PPases seem especially adapted to 
accept primarily ATP as substrate, and will only be allosterically activated when the 
nucleoside triphosphate is ATP. We conclude that the 6-amino group of ATP is 
particularly important for allosteric regulation, since this is the only structural difference 
with ITP.
In Chapter 6, the stability of NDP-glucoses with regards to pH and Mg2+ 
concentration was investigated. It was previously erroneously suggested that NDP-
glucoses (including ADP-glucose) was highly unstable under mildly basic conditions in 
the presence of Mg2+.  This is significant, because the inside of a chloroplast is 
    134
approximately pH 8.3 with ~6 mM Mg2+. If ADP-glucose was highly unstable, then this 
could mean that any ADP-glucose that gets generated by chloroplastic ADP-Glc PPase 
would get destroyed before it could be used for starch synthesis. However, by incubating 
NDP-glucoses under different pH conditions and Mg2+ concentrations, we convincingly 
showed that under light conditions, ADP-glucose is stable enough to serve as the glucose 
moiety donor for starch synthesis. 
Final Thoughts
In this thesis, we made considerable advances in understanding the allosteric 
regulation of ADP-Glc PPases. Much of this work involved combining the results of 
molecular dynamics simulations and site-directed mutagenesis. In addition, 
crystallographic studies were instrumental in finding the precise location of the pyruvate 
binding site in the A. tumefaciens ADP-Glc PPase. Further studies are underway to locate 
the binding site of other hexose phosphates in ADP-Glc PPases, including the Fru-6P 
binding site in the A. tumefaciens enzyme.  
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